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Abstract 
 
 
 
This thesis concerns the synthesis and study of a series of metallo-receptors for the identification 
of phosphorylated species in an aqueous environment.  
 
Although the sensitive and selective detection of anions (such as phosphorylated species) has 
been extensively researched, it is still a challenging area within supramolecular chemistry. This is 
due to the anions’ low charge-to-radius ratio, pH sensitivity and high hydrophilicity, which makes 
differentiation between anionic species problematic.   
 
The research presented in this thesis focuses on the development of a series of metal-based 
receptors for the use in Indicator Displacement Assays (IDAs), to effectively differentiate 
between phosphatidylinositol phosphates (PIPs) and other related anionic species.  
 
In the IDA, the receptors were bound to a range of colourimetric indicators and the addition of 
an anion induced a specific response that was recorded by UV-Vis spectroscopy. The UV-Vis 
response was used as a digital representation of the anion and was analysed with standard 
statistical methods, including principle component analysis and artificial neural networks. This 
analysis enabled the identification of various anions in both pure and complex solutions. 
Hierarchical cluster analysis (HCA) was also performed on the data, which allowed for an 
appreciation of the relationships present between the different anions.     
 
The binding affinities of the developed receptors were also investigated using the traditional 
dilution titrations and good affinities towards the phosphorylated species were obtained  ranging 
from x103 – x109 Mol-1. In addition, the preferential binding of the receptors to different anions 
was evident, which justifies the success of the IDA.  
 
The interaction of the receptors with specific phosphatidylinositol phosphates was further 
investigated using phosphatase assays, the results from which demonstrates the ability of these 
receptors to interact with the different PIPs in vitro.   
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 1	  Introduction	  
 
 
Phosphate ions and their derivatives are important species in living systems, playing pivotal roles 
in physiology and pathophysiology.3 Due to the extensive roles that these species play in Nature, 
there has been considerable interest in the development of methods for their selective detection.2 
Yet despite the substantial interest in this area, there still remain many phosphorylated species 
that cannot be easily detected or quantified in an aqueous enviroment.2,4  
 
Phosphorylated species are categorized according to their structure and/or function and there a 
number of different categories. We wanted to develop a system that would be able to identify 
species from different categories, as well as being able to distinguish between components from 
the same category. Phosphatidylinositol phosphates are one type of phosphorylated species and a 
particular emphasis was put on the recognition of these anions, as currently very few synthetic 
receptors exist for their binding, despite their role in many biological processes (see next section). 
A couple of anions from two additional categories were also selected, due to their biological 
significance. Following a discussion of the structure and physiological role of these anions, a 
review of recent advances in synthetic receptor development for the identification of these 
species will be discussed. However, due to the vast number of publications in this field, the 
review will focus on those publications that were influential within this work, a more 
comprehensive review can be found by Hargrove et al.2  
 
As will become apparent within the review, the synthesis of synthetic receptors for the specific 
interaction with an anion is no menial task. This fact justifies this research’s move towards 
pattern recognition, which is a multivariate analysis method that has been extensively used in 
numerous fields. The Introduction will also review those examples where pattern recognition has 
been successfully incorporated for the analysis of anionic species, with a particular emphasis on 
phosphorylated anions.  
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 1.1	  The	  biological	  significance	  of	  protein	  phosphorylation	  
 
Protein phosphorylation is recognised as one of the major mechanisms by which intracellular 
events are controlled.5 Studies into the reversible phosphorylation of proteins has been ongoing 
for over half a century, with the studies intensifying in the late 1950’s after the discovery of the 
rapid turnover of phosphoprotein phosphorus in a wide variety of tissues.6 Today, it is know that 
the majority of proteins present within mammalian cells can be reversibly phosphorylated. The 
significance of this process is highlighted by the fact that protein kinases and phosphatases, 
which are responsible for the phosphorylation and dephosphorylation of proteins, constitute 
nearly 3% of the proteins encoded in the human genome.7 This reversible phosphorylation is one 
of the most important means of regulating cell signaling events and it is the concerted action 
between kinases and phosphatases that ensures the proper regulation of these events.8,9  	  
1.1.1	  Protein	  Kinases	  and	  Phosphatases	  	  
 
Protein kinases are a superfamily of proteins that are responsible for the phosphorylation of 
biological molecules. Although the structure, substrate preference and the regulation modes of 
these kinases differ, they are all related by virtue of their catalytic domain, which consists of 250-
300 amino acid residues.10 There are two main subfamilies within the kinase superfamily: the 
protein serine/threonine kinases and protein tyrosine kinases (PTK). However, both types of 
these enzymes use the γ -phosphate of adenosine triphosphate (ATP) or guanosine triphosphate 
to generate phosphate monoesters.10 Unlike protein kinases, protein phosphatases are not 
derived from a common ancestor and are thus more structurally and mechanistically diverse in 
nature.11 The phosphatases are categorised into four groups according to their unique catalytic 
domain sequences and substrate preference: phosphoprotein phosphatase, metallo-dependent 
protein phosphatases, protein tyrosine phosphatases and aspartate-based phosphatases.8  
 
The majority of kinases and phosphatases are responsible for the phosphorylation and 
dephosphorylation of amino acids.11 However, some members of the subgroup of protein 
tyrosine kinases (PTK) and protein tyrosine phosphatases (PTP) are also responsible for the 
reversible phosphorylation of complex carbohydrates, mRNA and phosphoinositides. Due to our 
interest in phosphatidylinositol phosphates (compounds classified within the phosphoinositides 
category), the PTPs and PTKs were the enzymes of interest within this research.  
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1.1.2	  Protein	  tyrosine	  phosphatases	  and	  protein	  tyrosine	  kinases	  	  
 
There are approximately 100 human PTP genes and 90 human protein kinase genes, which 
suggests a similar level of complexity between these two families.11 PTKs can be divided into two 
main categories: receptor-tyrosine kinases and non-receptor tyrosine kinases and are primarily 
classified according to sequence comparison of their catalytic domain (described above).10 
Although the PTP family is quite diverse, its members are defined by the catalytic signature 
CX5R.8 The PTP family can be classified into two subunits: transmembrane receptor-like 
proteins and non-transmembrane receptor like proteins.11 A description of the specific function 
of all of these enzymes is beyond the extent of this research. Instead, the focus is on those 
enzymes that are responsible for the reversible phosphorylation of phosphatidylinositol 
phosphates (PIPs) (Figure 1). These PIPs are involved in a number of signaling events through 
the fluctuation of their concentrations and since it is the activity of these kinases and 
phosphatases that determines their concentration levels, the enzymes are directly linked to the 
signal events governed by the PIPs. The structure and a detailed description of the signaling 
events controlled by the PIPs is discussed in the subsequent section.  
 
           
Figure 1:	   The structure of the seven different phosphatidylinositol phosphates, their precursor PtdIns is 
shown, along with the kinases (blue) and phosphatases (violet) responsible for the phosphorylation and 
dephosphorylation of each of the PIPs. The phosphorylated positions are indicated with P and DAG 
represents the diacylglycerol backbone. The phospholipase (green) responsible for the cleavage of 
PtdIns(4,5)P2 to generate the free inositol head group Ins(1,4,5)P3 is also shown. Image reproduced from 
reference12 
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1.1.3	  Phosphatidylinositol	  Phosphates	  
  
Phosphatidylinositol phosphates (PIPs) are phosphorylated derivatives of phosphatidylinositol 
(PtdIns). Their structure consists of a glycerol backbone that is esterified at its sn-1 and sn-2 
position, which typically gives rise to stearic and arachidonic acid respectively.13 The glycerol 
ester backbone is also connected through a phosphodiester to a myo-inositol at its sn-3 
position.13,14 The PIPs are a minor but ubiquitous part of eukaryotic cell membranes and differ 
through the extent of phosphorylation present on their inositol headgroup; which can be mono, 
di or tri phosphorylated at positions 3, 4 or 5. This gives rise to the seven PIP substitution 
patterns that have been found to exist within mammalian cells (see Figure 1).12 The anions are 
restricted to the cytosolic leaflet of intracellular membranes and have unique subcellular 
localizations. Their formation and turnover is catalyzed by phosphorylation and 
dephosphorylation by families’ of kinases and phosphatases, as well as cleavage of the head 
group by phospholipases. The biological role of PIPs is to either act as a precursor to secondary 
messengers, such as Ins(1,4,5)P3 and diacylglycerol (DAG), or to directly interact with proteins to 
orchestrate signal transduction pathways.15 The physiological processes that these PIPs are 
involved in include intracellular membrane trafficking, cell growth, cell death and cytoskeletal 
regulation.16,17,15 Certain PIPs however are of more interest than others due to their link with a 
number of autoimmune and cardiovascular diseases as well as cancer.12 Of particular interest are 
PtdIns(3,4,5)P3 (PIP3) and PtdIns(4,5)P2 (PIP2) for reasons the discussed below.  
 
 
PIP3	  
 
PIP3 is of particular interest as it is able to act as a hallmark for carcinogenic activity. This is 
because the production of PIP3 is catalyzed by Phosphoinositide-3 kinase (PI3K), which is a 
major signaling component downstream of growth factor receptor tyrosine kinase.18 PIP3 is also 
involved in the recruitment and activation of a number of downstream targets including the 
serine-threonine protein kinase Akt, and it is the PI3K-Akt signaling pathway that is responsible 
for normal cellular processes.18 Mutations to this pathway result in increased levels of PIP3 and 
this feature has been linked to cancer. Thus, abnormal concentrations of PIP3 can indicate 
carcinogenic activity of PI3K, which has been related to breast, prostate, colon and ovarian 
cancer.19 Current diagnosis of these cancer types are invasive, expensive and time consuming, 
thus a simple method for the determination of PIP3 levels would allow for the generation of a 
simple diagnostic tool.  
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PIP2	  
 
PIP2 is another PIP that has received a considerable amount of attention due to its association 
with oculocerebrorenal syndrome of Lowe (OCRL).16 OCRL is a devastating X-chromosome 
linked disorder that results in congenital cataracts, renal Farconi syndrome and mental 
retardation.19 The molecular etiology of this disorder results in the loss of function of the 
OCRL1 inositol polyphosphate 5-phosphatase (see Figure 1), which is the major 5-phosphatase 
for PIP2.13 As a result there is a build up PIP2, despite at least four other 5-phosphatases’ being 
present within the cell.13 An upset of the PIP2 levels in the cell is known to disrupt the delicate 
homeostatic balance between actin and actin-binding proteins, which results in the symptoms 
associated to OCRL.16 Currently there is no simple diagnostic tool for this disorder, hence the 
development of a simple method for the quantification of PIP2 would be of great benefit.21 
 
Due to the association of these PIPs to a number of disorders, it is understandable why the 
development of a method for their selective recognition is of great interest. In the development 
of a diagnostic device the receptors employed for the recognition of the PIPs must be able to 
differentiate these anions from other prevalent biological substances. In addition, the ability of 
the array to recognise other biological components can help monitor catalytic pathways that the 
PIPs are involved in. For example, in the phosphorylation of a PIP a kinase will utilise ATP, 
which results in the production of phosphate and ADP. These anions (ADP, ATP, 
pyrophosphate and phosphate) are involved in a wide range of biological pathways and hence 
being able to monitor their levels has a greater advantage than just analyzing the performance of 
kinases. The structure and further information on the biological relevance of these 
phosphorylated species is discussed in the subsequent sections.  
 
1.1.4	  Adenosine	  Phosphates	  
 
Adenosine Phosphates are widespread in living organisms and are indispensible in various 
cellular functions.22 The structure of these molecules contains three parts: the nucleotide adenine, 
ribose and the phosphate/s. The adenine is connected to the ribose molecule through the C1 
position and the phosphate, diphosphate or triphosphate is connected to the ribose at the C4 
position to constitute adenosine monophosphate (AMP), adenosine diphosphate (ADP) or ATP 
respectively (see Figure 2).  
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Figure 2:	  The structure of the adenosine phosphates AMP, ADP and ATP. 
ATP is one of the most intently studied phosphorylated species, since it is responsible for energy 
production and storage and is also an extracellular signaling mediator.23,24 As ATP is an energy 
source, it is maintained at high concentrations within the cell and the energy is released upon 
cleavage of one or two of the phosphates groups to yield ADP or AMP, respectively.24 This 
hydrolysis is involved in many biochemical reactions including DNA polymerization. In this 
process the ATP pairs with the nucleotide bases on the template strand during replication and 
the high energy associated to the triphosphates is used to form bonds between the nucleotides.25 
Thus the development of a sensor that could detect the various products of ATP hydrolysis, 
would enable the real-time monitoring of these biochemical reactions.  	  
1.1.5	  Inorganic	  Phosphates	  	  
	  
Inorganic phosphates such as phosphate (PO43-) and pyrophosphate (P2O74-, PPi) play pivotal 
roles in many biological applications (see Figure 3 for chemical structure). The prior is important 
as together with heterocyclic bases and sugars, it makes up the backbone of DNA and it also 
plays an important role in signal transduction and energy storage.2 The anion is typically present 
in 0.80 – 1.45 mM in human serum and heightened concentrations can often be used for the 
diagnosis of certain diseases, such as cardiovascular disease and acute renal failure.26  
PPi is another important compound as it plays an important role in metabolic and 
bioenergetic processes. There has been much interest in developing methods for the recognition 
of this anion in conjunction with ATP, as PPi is the byproduct of ATP hydrolysis by certain 
enzymes. Hence, a method that is able recognize both anions and distinguish between them 
allows for the monitoring of a number of biological pathways.27 A build-up of this anion is also 
related to chondrocalcinosis, which is a rheumatologic disorder and thus methods of quantifying 
this anion would also allow for the development of a potential diagnostic tool.28  
 
                                        
    
Figure 3: The structure of phosphate and pyrophosphate under strongly basic conditions  
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1.2 Anion	  Recognition	  	  	  
Considering the extensive roles that these anions are involved in, it is unsurprising that efforts 
have been made towards the selective binding of these species for almost 50 years.29 Biological 
receptors, which are typically composed of large protein structures, have often been used as 
probes for anion recognition. Since they are able to bind specific ligands via specific molecular 
recognition possesses they typically demonstrate high selectivity and affinity towards a specific 
anion.30 However, these biological receptors are difficult to modify and are easily affected by 
temperature and pH. Thus, the development of synthetic receptors that can specifically target 
one of these phosphate derivatives is a research area of great interest.  
 
The anions of interest in this research are all phosphorylated and there are a vast number of 
receptors that have been reported for their recognition. A full review of these receptors is 
beyond the extent of this research, therefore only a number of selected examples will be 
discussed (Chapter 1.2.2). A more in-depth review can be found in publications by Hargrove2 
and O’Neil.31 
 
 1.2.1 Detection	  methods	  for	  the	  interaction	  of	  receptors	  with	  phosphorylated	  species	  	  	  
One of the most important aspects in analysing how a receptor interacts with a species, including 
phosphorylated molecules, is the method by which the interaction is recorded. There are a 
number of techniques that can be adopted for this, including NMR spectroscopy and Isothermal 
Titration Calorimetry (ITC). However, the most common approach is the use of spectroscopic 
techniques that rely on the optical response induced by a receptor upon the interaction with an 
anion. There are a few derivatives of this method and they are briefly summarized below to allow 
for an appreciation of the analytical methods adopted in the publications discussed in the 
subsequent section, as well as those used within this research.  
 
Covalently attached chromophore – These receptors are termed “chemosensors” and translate a 
binding interaction through a pronounced inherent colour change when treated with an 
appropriate anion. The colourimetric shifts associated to the λmax are typically related to changes 
in the HOMO-LUMO gap or modification in key charge-transfer bands.2 
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Figure 4: Illustration the recognition technique employed by a receptor, which contains a covalently attached 
chromophore. The binding of an appropriate analyte induces a pronounced colour change in the receptor.  
Fluorescence sensing - These are also termed “chemosensors” but the optical response upon binding 
of an analyte is related to an enhancement or quenching of the receptors fluorescence. This 
feature may be a result of photo-induced electron transfer,32 electronic-energy transfer33 or metal 
to ligand charge transfer (MLCT).34  
 
                      
 
 
 
 
Indicator displacement assays (IDA) – This system is based on a competition assay, where the 
receptor is bound to an indicator via weak and reversible interactions and upon addition of a 
suitable analyte the indicator is displaced. The optical properties of the indicator in its free and 
bound state are different and as the displacement of the indicator is directly proportional to the 
binding of an anion, this method is a way of indirectly monitoring the interaction of a receptor to 
an anion.  
	  	  
 
 
       
Figure 6: Illustration of the competition assay, which is the basis of indicator displacement assays. The 
indicator binds to the receptor, but upon the addition of a more complementary anion the indicator is 
displaced which results in an inherent colour change of the indicator.  
 1.3 Anion	  recognition	  using	  synthetic	  receptors	  
 
Many of the design principles of synthetic receptors are derived from the examination of the 
binding sites of naturally occurring phosphate receptors.2 In a recent review, Diederich et al 
reported the different types of molecular recognition processes found in over 3000 crystal 
structures of proteins bound to organophosphates.35 From this analysis, the authors reported the 
Figure 5: Illustration of the two recognition means that are exhibited by fluorescent chemosensors: a) turn-on, 
where the binding of an anion induces a fluorescent enhancement or b) turn-off fluorescence, where the 
binding of an anion induces fluorescent quenching. 	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presence of hydrogen bonding loops in many protein kinases and phosphatases in order to 
impart selectivity towards a specific anion.35 For example, the phosphate-binding domain (PBD) 
in E. coli possesses multiple hydrogen bonding groups to induce selective binding for the 
tetrahedral phosphate anion.36 As well as introducing selectivity through complementary design, 
the use of multiple hydrogen bonding groups can help overcome issues of attenuation in 
competitive media. For this reason numerous research groups have developed synthetic 
receptors simply employing hydrogen bonding units, such as Spermidine.2  
 
However, as mentioned previously synthetic receptors are simpler than their biological 
counterparts and thus achieving the same level of selectivity and affinity with the sole use of 
hydrogen bonding groups is difficult, especially in aqueous environments. However, Diederich et 
al results illustrate how many natural binding domains also incorporate metal centers in addition 
to hydrogen bonding units to complement their interaction with anions. An example being 
alkaline phosphatase, which is a hydrolysis enzyme for phosphomonoester, and holds two Lewis 
acids for nucleophilic attack in its catalytic site.22 As such, many research groups have 
incorporated metals into synthetic receptors to improve the their binding efficiency and this has 
proved one of the most successful strategies for anion recognition in an aqueous environment.1  
 
There are two types of metallo-based receptors one is a direct method, where the metal acts as a 
Lewis acid to facilitate the interaction with various anions. The other is indirect, where the metal 
plays either a structural role, organising the binding functionalities, or influences the binding 
capabilities of the receptor through electrostatic effects. Both types of these metal-based 
receptors have been extensively used in literature and examples are discussed in the subsequent 
sections.  
 	  
1.3.1	  Examples	  of	  Metallo	  receptors	  in	  indirect	  binding	  	  
 
There are numerous examples of receptors that utilise metal centres to facilitate the binding of 
anions in an indirect manner, either by the orientation of various binding ligands or through 
influencing the electrostatic properties of the molecule. In each case, the receptors need to 
incorporate binding functionalities for the interaction with the anions and these are typically 
hydrogen bonding motifs such as amines, amides and ureas. Urea and guanidinium groups in 
particular have been incorporated in numerous synthetic receptors that display high binding 
affinities towards phosphate containing species.37 The tendency towards the use of urea’s as a 
binding functionality is due to the fact that they are able to donate two parallel hydrogen bonds 
to two oxygen atoms of a oxoanion.37 
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An example of the incorporation of urea groups into metallo receptor for the binding of anions 
can be found within our research group, where the metal centre is used to organise the hydrogen 
bonding motifs (see Figure 7). The initial receptor design included two square planar 
palladium(II) centres bridged by two thiol-urea ligands (1a), it is suspected that the metal centres 
influence the binding through increasing the electrostatic attraction between the receptor and the 
anion.38 The binding capabilities of these receptors were investigated by 1H NMR spectroscopy 
and the results showed that the receptor could effectively bind to a variety of anions including 
H2PO4- and phenyl phosphoric acid. Although the receptor showed a moderate binding affinity 
towards these anions, it had poor selectivity between them.  Further work was therefore 
conducted to try and increase the selectivity of the receptor by incorporating a larger 
(naphthalene - Np) and a smaller (ethyl- Et) substituent onto the thiolate urea (1b and 1c).39 The 
binding studies of these receptors revealed that changing the substituent did not increase the 
selectivity of the receptor. It was hypothesised that the unspecific binding was due to the open 
and flexible structure of the receptors.39 
 
                                          
	  
	  
	  
	  
	  
	  
 
 
These receptors were also found to be unstable under relatively mild experimental conditions,, 
decomposing in solution to lose their thiolate bridging ligands yielding hydroxo-bridged 
compounds. Hence, the platinum(II) equivalents of these receptors were developed, which were 
more stable. These receptors still remained unselective but could bind to various anions 
(including phosphate) with affinities between 80 and 5000 M-1 in DMSO.40  
 
Another type of metal complex that has received considerable interest in anion recognition is the 
use of hydrogen bond donor/receptor molecules that incorporate ferrocene/ferrocenium 
(Fe/Fe2+).41 These type of receptors have successfully been extensively utilised for the 
recognition of anions such as Cl- and H2PO4- and have been of particular interest due to the 
redox potential of Fe/Fe2+ being able to act as an electrochemical sensor.42–44 For example a 
recent publication by Beer et al, reports the development of two novel macrocycles (see Figure 8) 
1 a – R = Ph 
1b – R = Np 
1c – R = Et 
Figure 7:	  The structure of series of receptors developed within our research group for the binding of 
various anions. Image reproduced from reference39 
	  
25	  
 
 
A B 
that were tested for their interaction with H2PO4-, HSO4-, Cl- and BzO-.41 The binding of these 
receptors to the various anions was analysed using NMR spectroscopy, where a chemical shifts in 
the peaks corresponding to the NH protons was attributed to anion binding. From these results 
it was apparent that receptor 2 displays a higher affinity towards the anions than receptor 3 and 
this was attributed to the greater acidity associated to the urea groups present on 2. This result 
was also further supported from analysis by cyclic and square-wave voltammetry. The 
voltammetry results also indicated that both the receptors favoured the binding of H2PO4-. 
 
                                       
	  
	  
 
	  
	  
                          2                                3 
 
 
Bondy et al also developed another interesting receptor that was able to bind to H2PO4- and 
SO42-, with remarkable affinity (ca. 105 M-1 in DMSO).45 The receptor employs four urea-based 
ligands for hydrogen bonding to an anion and utilises a platinum centre to organise them. The 
authors determined the binding affinities of this receptor to various anions (H2PO4-, SO42-, Cl-, 
Br-, I-) and reported its affinity towards the oxo-anions H2PO4- and SO42-, to be two orders of 
magnitude greater than those displayed towards the other targets. The increased affinity was a 
result of the receptor encapsulating these oxo-anions, as depicted in Figure 9, whereas the halides 
were only bound by two of the ligands in a 1:2 ratio (receptor: anion).    
 
 
 
 
 
  
 
 
 
 
C 
Figure 8: Two macrocycles (2 and 3) developed by Beer et al for the recognition of H2PO4-. Image 
reproduced from reference41 
Figure 9: The structure of the platinum complex developed by Bondy. A) the ball and stick representation of 
this receptor binding to sulphate; B) illustration of how the complex utilises hydrogen bonding and 
electrostatic attraction to bind an anion; C) ball and stick representation of this receptor binding to chloride. 
These images are reproduced from reference45 
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1.3.2	  Examples	  of	  Metallo	  receptors,	  where	  the	  anionic	  guest	  binds	  to	  the	  metal	  centre	  	  	  
 
As mentioned metals have also been incorporated into synthetic receptors for their direct binding 
with an anion, in these cases the metal acts as a Lewis acids and hence the metals employed will 
possess one or two vacant coordination sites. Although numerous transition metals and 
lanthanides have been successfully incorporated into receptors for anion binding, zinc(II) is most 
commonly employed.1 This reflects the fact that zinc(II) is present in many metalloenzymes.46 A 
vast number of these zinc-based receptors employ a dipicolylamine (DPA) motif as the scaffold 
to hold the metal centre. The DPA motif, first reported by Kabzinska47 in 1964, is a tridentate 
ligand that has three nitrogen donors that display a strong affinity (around ca. 107 M-1) towards 
divalent metals such as zinc(II) (Figure 10).31 The ligand is commercially available and can be 
easily appended to organic frameworks, thus increasing its appeal as the scaffold of the metal 
centre. Further to this, our particular interest in zinc(II) coordination to this motif was due the 
exquisite selectivity of the resulting complexes for phosphates.1 
 
                                    
 
Figure 10: From left to right: the chemical structure of the DPA ligand and the chemical structure of the 
Zn(DPA) complex.    
A number of protein binding domains for phosphorylated species incorporate multiple metals 
centres (such as alkaline phosphatase) and as such the Hamachi group developed a series of 
binuclear Zn-DPA receptors for the recognition of phosphorylated peptides in the hope of 
mimicking this domain (Figure 11).48 The receptors differed through the spacer that was 
employed to separate the two Zn-DPA motifs. The size of the spacer introduced another degree 
of selectivity, as at certain distances an anionic guest was able to bridge between the two Zn-
DPA centres and in these cases the anion would be bound to a higher degree (see below).1  
 
Receptors 4 and 5 in Hamachi’s series (Figure 11) were able to identify phosphorylated peptides, 
as their Zn-DPA motifs bound strongly to the appended phosphates, which induced a 
fluorescence enhancement. However, the addition of a non-phosphorylated peptide induced no 
fluorescence enhancement. This demonstrates the ability of these receptors to differentiate 
between mono-phosphorylated and non-phosphorylated peptides. In addition, no significant 
fluorescent enhancement was observed upon the addition of phosphorylated peptides to receptor 
6, which indicates that a cooperative binding mechanism was necessary in order to achieve a 
considerable fluorescence enhancement.48  
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Structurally similar receptors have also been used for the binding of adenosine phosphates, for 
example receptor 7 displays a high binding affinity towards ATP (ca. 106 M-1).1 This receptor is 
an ATP fluorescent chemosensor and although it was also able to bind ADP and AMP, its 
fluorescent enhancement was 10-fold and 30-fold lower (respectively). The decreased 
fluorescence enhancement reflects the lower negative charge associated to ADP and AMP in 
comparison to ATP.    
                                             
Figure 12: The structure of a binuclear Zn-DPA receptor that could successfully identify adenosine 
phosphates (AMP, ADP, ATP) through changes in its fluoresce upon binding of these anions.    
The presence of vacant coordination sites on the DPA complexed zinc(II), facilitates the binding 
of complexometric dyes, which are well known for their dramatic colour change in response to 
metal ions.3 Hence, these zinc(II)-DPA receptors have been readily employed for IDAs. IDAs 
offer several advantages over chemosensors, namely that they are easier to synthesise and their 
precursors are typically less expensive.  
Figure 11: a) The proposed cooperative mechanism that educes a large fluorescent enhancement. Series of 
receptors developed by Hamachi for the selective recognition of phosphorylated peptide p-Tyr. Image 
reproduced from reference48 
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Kim et al reported the use of a bisnuclear zinc(II)-DPA complex in an IDA.49 In this system, the 
receptor was bound to pyrocatechol violet (PV) in a 1:1 ratio (see Figure 13), which was 
accompanied with a shift in the indicators colourimetric response from yellow to blue (at pH 
7.4). Upon the addition HPO42- the indicator was fully displaced (see Figure 13) and its optical 
response returned back to yellow. Various other anions (namely AcO-, HCO3-, NO3-, N3-, ClO4-, 
F-, Cl-, Br-, SO4) were tested with this assay, but no displacement was observed upon their 
addition. Since the colour change in this system was quite dramatic, the authors reported that this 
IDA allowed for the naked eye detection of phosphate in water.49 
 
 
 
 
 
 
 
Although the initial studies indicated that this receptor was specific for HPO42-, the statement 
only holds true in comparison to the other anions that it was initially tested against, as further 
work by the same group revealed that this receptor could effectively bind to both inorganic 
phosphates and AMP. Thus indicating the affinity of this receptor towards mono phosphorylated 
species.1,3  
 
Smith et al3 also conducted research with this receptor and demonstrated how its selectivity could 
be tailored for PPi over HPO42- by altering the indicator employed in the IDA. The authors 
screened 11 commercially available indicators (namely Alizarin Red, Bromo Pyrogallol Red, 
Dithizone, Eriochrome Blue Black B, Mordant Blue, Eriochrome Red B, Gallocyanine, 
Murexide, 4-(Pyridin-2-ylazo)-resorcinol, Pyrocatechol Violet and Zincon) against the receptor 
and determined their binding affinities (Ka’s). The affinities spanned two orders of magnitude 
and even differed in the cases where the indicators bound to the receptor through the same 
moiety (i.e a catechol).3 In IDAs successful displacement is achieved when the dissociation 
constant (KD) of an indicator from a receptor, is greater than the affinity (KA) of the anion to the 
receptor. Since the authors knew the affinity of the anions (PPi and HPO42-) to the receptor, they 
could select indicators that possessed affinities towards to the receptor that were between those 
of the anions. The authors reported the use of three indicators (Bromo Pyrogallol Red, Zincon 
and Mordant Blue 9) that allowed for the selective determination of PPi over HPO42-.  
Figure 13: Illustration of the binding mechanism of PV to the bi-nuclear receptor, through its catechol motif. 
The binding of PV induces a significant colour change from yellow to blue and upon the addition of phosphate 
the indicator is displaced and the solution returns to the colour associated to the indicator in its free state. 
Figure reproduced from reference49    
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Smith furthered this work with the development of an IDA for the determination of PPi under 
physiological conditions.50 In this study, four metal complexes (see Figure 14) were bound to a 
coumarin based fluorescent indicator in a buffered solution at pH 7.4 (in a 1:1 ratio). The sodium 
salts of AcO-, NO3-, H2PO4-, PPi and SO42- were then titrated to the system. The authors 
reported no observable indicator displacement upon the addition of one equivalent of any of the 
anions to receptors 8 and 9. PPi was however able to fully displace the indicator from receptors 
10 and 11, which allowed for its selective determination as the other anions induced no significant 
displacement (HPO42- induced some displacement but it was to a much lesser extent).50 
 
 
 
 
 
 
 
 
 
 
 
DPA based receptors have also been used for the binding of inositol phosphates, which are the 
headgroup of PIPs. For example, Ahn and co-workers developed a tris(DPA) receptor (12 -see 
Figure 15) for the selective detection of inositol triphosphate (IP3).51 The receptor was initially 
bound to an indicator (eosin Y) and in this bound state the indicators fluorescence was 
quenched.  Upon the addition of one equivalent of IP3, a 3-fold increase in the fluorescence was 
observed as the indicator was displaced. Fluorescent enhancement was also observed (but to a 
lesser extent) on the addition of other phosphorylated species in the order: PPi>ATP>ADP. The 
receptor displayed a large affinity towards IP3 (108 M-1), which was attributed to the tripodal 
structure being complementary towards the inositol phosphate.51  
 
 
 
 
 
 
 
 
8 
9 
10 11 
12 M = Zn, n = 1 
13 M = Cu, n = 0 
Figure 14: On the left: the structures of the receptors employed in the IDA for the selective recognition of 
PPi. On the right: An image of the fluoresce quenching of the indicator upon binding to the receptors and 
its subsequent enhancement upon addition of PPi. Images reproduced from reference50 
Figure 15: The structure of receptors 12 and 13, which preferentially bound myo-inositol and phytate 
respectively.1 
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The same group reported the use of a copper(II)-tri(DPA) receptor (13) for the selective 
detection of phytate (see Figure 15) through the displacement of the eosin Y.52 Although, IP3 and 
PPi also induced some displacement, it was to a lesser degree, thus allowing for the receptor to 
discriminate between these anions.  
 
Although the employment of a metal cation to act as a Lewis acid within a receptor is an effective 
strategy for the binding of phosphates, there are other functionalities present on the analytes of 
interest within this work. The other key functionality is a vicinal diol, as these are present on 
adenosine phosphates and a number of the PIPs. Although the functionalities discussed (metal 
cations and hydrogen bonding groups) could still interact with these groups, boronic acids are 
known to display high affinities towards these functionalities.  	  
1.3.2	  Anion	  binding	  with	  boronic	  acids	  	  	  
 
Boronic acids are known to form reversible covalent bonds with diols to form the corresponding 
boronic ester. Consequently, they are readily employed as recognition motifs for saccharides, 
carbohydrates and glycoproteins.53 This interaction is generally favoured at higher pH values, 
where the boronic acid exists in its tetrahedral state, as this is a more favourable conformation 
for the interaction with diols (Figure 16). However, through the incorporation of an acidified 
moiety at the ortho position (like that displayed in the Wulff type structure - 18) this interaction is 
able to occur at physiological pH values, as it reduces the boronic acids pKa value.30,54 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16: Boronic acids (14) as well as their corresponding boronic ester(16) exist in a trigonal planar 
conformation. However, upon reaction with a Lewis base a tetrahedral geometry is adopted (15, 17). Boronic 
acids can react with vicinal diols to form boronic esters and this interaction is favoured when the pH >pKa. 
The inclusion of an acidified moiety at the ortho position to the boronic acid enforces the tetrahedral 
geometry, which lowers the pKa and makes ester formation favourable at physiological pH values. 30  
14 15 
17 16 
18 
	  
31	  
A good example of the successful incorporation of boronic acids for anion recognition was 
reported by Anslyn55. The designed tripodal receptor (see Figure 17), was able to selectively 
interact with glucose-6-phosphate, as the three boronic acids where positioned for suitable 
interaction with the hydroxyl groups and three protonated secondary amines, were able to 
interact with the phosphate through electrostatic interaction.55 The binding of this receptor to 
various anions was monitored through a displacement assay in a MeOH/H2O environment. The 
authors reported binding constants in the order of 103 M-1 for glucose-6-phosphate, but no 
observable indicator displacement was reported on the addition of phosphate or glucose.   
                                    
Figure 17: Structure of the tripodal boronic acid receptor developed by Anslyn that selectively bound to 
gluocose-6-phosphate. Image reproduced from reference55  
Anslyn advanced upon this work by employing a similar tripodal receptor that included 
cadmium(II) at its centre to increase the affinity that it displayed towards anionic guests.56 The 
binding affinities were determined using IDAs and pyrocatechol violet (PV) was employed as the 
displaceable indicator. The receptor was reported to bind to a range of guests, however a much 
larger affinity was seen towards those anions that included vicinal diols. Of the tested anions, the 
receptor showed selectivity towards AMP and ribose–5 phosphate and the authors described this 
selectivity as a result of the complementary arrangement of the boronic acid groups.56  
 
Like Anslyn, many research groups have incorporated multiple recognition units in an attempt to 
increase the affinity and selectivity of a receptor towards an anion.  For example, Kubo et al 
developed a receptor containing both a boronic acid and a Zn(II)-DPA motif that was able to 
detect a number of phosphorylated species in an aqueous environment.57 The authors adopted an 
IDA system for the recognition of the anions, using Alizarin Red (AZ) as the displaceable dye, 
since AZ is known to bind to boronic acids but is also a complexometric indicator and can thus 
be bound by the receptor through its Zn(II)-DPA  motif.57 The authors reported that at neutral 
pH values the binding of the indicator through the Zn(II)-DPA motif was more energetically 
favourable and in this state the fluorescence of the indicator was quenched. However, upon the 
addition of a more complementary anion the indicator was displaced from the Zn-DPA site and 
subsequently bound by the boronic acid, which was accompanied by a fluorescence enhancement 
(see Figure 18).54 Various anions were tested with this system but the greatest fluorescence 
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enhancement was observed upon the addition of PPi. A noticeable increase was also observed 
upon the addition of ATP, ADP and citrate (Figure 19). 
 
 
 
 
  
	  
	  
	  
	  
	  
	  
	  
 
 
 
 
 
 
 
 
 
 
In further work by this group, they found that changing the indicator from AZ to 6,7-
dihydrocoumarin-4-methansulfonate, resulted in the more favourable binding of the indicator at 
the boronic acid site.58 The DPA motif was therefore free to bind and as this motif has a high 
affinity for phosphates, the new IDA system was able to serve as a method for phospho-sugar 
detection. As upon the addition of phosphorylated sugars, a greater decrease in fluorescence was 
observed in comparison to when non-phosphorylated sugars were added to the IDA.58 
 
Boronic acid groups have also been successfully combined with urea groups to form selective 
receptors. For example, our group have developed a receptor (PHDM) that incorporated these 
two functionalities for the selective recognition of phosphatidylinositol-4,5-diphosphate (PIP2).59 
Figure 18:	  The structure of the zinc(II)DPA-boronic acid receptor developed by Kubo et al. The receptor 
could bind to AZ through both of its recognition motifs (boronic acid or Zn-DPA), however the 
interaction of the receptor to the indicator was more favourable at the Zn-DPA site, which resulted in the 
quenching of its fluorescence. The addition of a more complementary anion resulted in the displacement 
of the indicator, which was re-bound at the boronic acid site and its fluorescence returned. Image 
reproduced from reference57  
Figure 19: Titration profiles developed by Kubo et al, illustrating the return of the indicators fluorescence by 
the titration of various anions (see inset). Image reproduced from ref57 
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This receptor was reported to bind to its target PIP in a 1:2 ratio (receptor: target) as illustrated in 
Figure 20.  The receptor, which mimics the pleckstrin homology domain, was shown to cross the 
cell membrane and bind to its target PIP with high affinity and selectivity.59 It is currently the 
only known synthetic receptor capable of the selective detection of a PIP in a cellular 
environment and as such it has received a considerable amount of interest. 
 
 
 
 
 
 
 
 
 
 
 
    
 
 
 
Despite the reported synthesis of numerous selective receptors, anion recognition still remains a 
challenging and active area of research. This is because the synthesis of selective receptors that 
can rival the affinity of natural binding domains is no menial task. There are a number of reasons 
to explain this, for example synthetic receptors are inherently simpler than their biological 
equivalents and it is therefore difficult to achieve the same level of selectivity.60 Also, anions have 
a low charge to radius ratio and their binding affinities are attenuated in aqueous environments.61 
Phosphate is no exception to this and is placed near the bottom of the Hoffmeister series, due to 
its large size and high hydrophilicity. The acid-base properties of phosphate further complicate 
the development of specific receptors for phosphorylated molecules, as its pKa values are 2.12, 
7.20 and 10.9. Meaning at neutral pH values both mono hydrogen phosphate and dihydrogen 
phosphate are present in solution.2,29 In addition, the presence of protonated phosphate in 
aqueous environments means that the anion is able to act as both an acceptor and a donor in 
hydrogen bonding circumstances.2 Although this feature can be exploited to help differentiate 
phosphate from other tetrahedral anions (such as sulfate), it also means that receptor 
deprotonation by these anions is possible. It is also difficult to develop receptors that are capable 
of differentiating between structurally similar molecules, for example currently only the PHDM 
molecule exists for the selective recognition of a PIP.  
 
Figure 20: The structure of the PHDM molecule that was developed in our group. The receptor has two 
types of binding functionalities; the first is the boronic acid, which is highlighted in blue along with the 
corresponding diol that it would interact with. The second is the urea groups, which highlighted green 
along with the phosphates that they are proposed to interact with. Image reproduced from reference30 
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Figure 21: Illustration of pattern recognition technique. A dye is bound to an array of receptors, the 
introduction of an analyte results in the displacement of the dye to a certain degree. The affinity for each 
receptor to each analyte will differ and the resultant output will produce a unique fingerprint for each anion. 
Image reproduced from reference72 
Further to this, even with the development of a selective receptor such as the PHDM molecule, 
undesirable qualities may accompany it, for example the PHDM molecule is membrane 
permeable but it poorly soluble. In addition, the design of selective receptors is often time-
consuming. However, for many applications a receptor that is specific for one analyte is not 
required, instead the aim is to identify the presence of various anions with or without their 
quantification.60 For this reason, there has been much interest in the use of pattern recognition 
for the identification of various anionic species, as these methods do not require selective 
receptors.  	  1.4	  Pattern	  Recognition	  	  	  	  
 
Pattern recognition was inspired by the mammalian olfactory and gustation systems, which 
employ multiple non-specific receptors for the identification of different tastes and smells. The 
same principle is applied in pattern recognition, where a multivariate response is used to form a 
unique “fingerprint” for each analyte (Figure 21). This multivariate response is typically achieved 
through the employment of a range of receptors, indicators or both. The employment of a 
greater number of receptors/indicators increases the diversity of the array and allows for the 
discrimination of similar analytes. As the more diverse the array the less likely it is that two 
analytes will produce the same fingerprint. The multivariate outcome can be monitored in a 
number of different ways, but the most common approach is through analysis of an optical 
response (see Chapter 1.2.1).  
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The optical response or ‘fingerprint’ that is obtained through this analysis is often complex and 
contains large amounts of redundant data. Hence, computational analysis is needed in order to 
ascertain comparisons and relationships between the data. Since pattern recognition has been 
applied in a vast number of areas, there are many computational programs available that can 
perform different this type of analysis and they can be classified as supervised or unsupervised.  
 
In an unsupervised method the system is provided with a group of facts and performs a number 
of iterations to try and optimise the system. This could be by lowering the energy associated 
between a group of values, decreasing the ‘distance’ between these values or maximising the 
profit associated to them – it all depends on the data and what the objective is. An example of 
such a method is Hierarchical Cluster Analysis (HCA), where the system is provided with a 
number of datasets and is asked to associate these datasets in terms of their distance (where 
distance is a measure of how similar the values are to one another). The system will respond to 
only this criterion and is not influenced by our expectations115.   
 
In a supervised method the system is provided with a set of datasets and a target associated to 
each dataset. It is the systems goal to try and develop a method in which all of the inputs are 
correctly assigned to the targets when put through the system. The targets are not a learning 
procedure, but a criterion for how the system has to be trained. An example of this type of 
system is Artificial Neural Networks115.  
 
Both supervised and unsupervised methods have been used with pattern recognition for the 
identification of a number of different anions and due to the power of this technique it was 
decided that this research would focus on this method for the identification between the target 
anions. Currently, there have been very few reported examples for the differentiation of 
phosphorylated species by pattern recognition and none for the differentiation of PIPs. The 
subsequent section will discuss some of the pioneering work in the field of pattern recognition 
and in each case a computational system is used for data analysis, principally HCA, ANN or 
principle component analysis (PCA). All three of these techniques are described in greater detail 
in Chapter 3, but a brief explanation of these techniques is given below115:  
 
HCA – An unsupervised method that relates the data in terms of a specified criterion.  
 
ANN- A supervised method that develops a procedure for relating the inputs to a defined target.  
 
PCA- Reduces the dimensionality of a dataset so that it can be easily displayed in a graphical 
format.  
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As mentioned previously, the aim of this research was the identification and quantification of a 
range of different anions. Due to the power of this technique, it was decided that this research 
would focus on the development of an array of receptors for the identification between a 
number of phosphorylated species, including PIPs. Currently, there are very few reported 
examples for the differentiation of phosphorylated species by pattern recognition and none for 
the differentiation of PIPs. The subsequent section will discuss some of the pioneering work in 
the field of pattern recognition. 
 
1.4.1	  Pattern	  recognition	  for	  the	  recognition	  of	  small	  molecules	  and	  anions	  	  
 
 
In 2000 Suslick et al reported pioneering work in the field of pattern recognition, with the 
development of a colourimetric array for the detection of volatile organic compounds (VOCs).62 
The system employed a range of metalloporphyrins, which had an intense innate colouration and 
were able to bind to gaseous molecules. Upon complexation of an analyte, large spectral changes 
were observed in their colourimetric response, which was monitored using a flat bed scanner and 
the difference in the images from the before and after exposure (in terms of Red, Green and Blue 
values), equated to the analytes unique colour change ‘fingerprint’. The VOCs tested on the array 
represented a wide range of functionalities and in each case a unique colourimetric response was 
obtained (Figure 22).  
 
 
 
 
  
 
 
Suslick expanded upon this work, with the inclusion of pH sensitive indicators and shape 
selective Zn-substituted, bis-pocketed porphyrins, which allowed for the identification of 
eighteen different VOCs.63 Hierarchical cluster analysis (HCA) was used to deduce the 
relationships between the different analyte fingerprint responses and the results showed that not 
only was a unique response obtained for each analyte, but the clusters generated reflected the 
structural and electronic properties of the VOCs (as shown in Figure 23). 
 
Figure 22: Colourimetric difference (in terms of their RGB values) observed in the metalloporphyrins on 
exposure to different analytes. Image reproduced from reference62 
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Since this pioneering work, there has been an explosion of reports for the use of pattern 
recognition for the analysis of multiple anions in unknown complex solutions and another 
revolutionary publication was reported by Anslyn et al.60 The authors of this research utilised two 
receptors (neither of which were specific- 19 and 20) along with two commercially available 
indicators to generate a multivariate array system that could differentiate between two structurally 
similar compounds, tartrate and malate (see Figure 24).60 This was accomplished by presenting a 
series of complex solutions that contained varying amounts of tartrate and malate to the IDA, 
which produced a unique UV-Vis spectroscopic response or “fingerprint”. These “fingerprints” 
were then taken forward to an artificial neural network (ANN) to be used as controls. The ANN 
was then enable to predict the composition of an unknown through comparison of the 
unknown’s UV-Vis response with respect to the controls. After ANN training, Anslyn’s array 
was successfully able to identify between a range of complex solutions of malate and tartrate, 
with an error of only 2%.60 The error arises due to a wrongful assignment, which indicates that 
some of the responses are similar in nature, to remove this error further data or screening would 
be required.  
 
 
 
 
 
 
 
 
Figure 23: The dendrogram produced by HCA of the VOCs responses to the metalloporphyrin array. The 
dendrogram illustrates how the results generated from the array reflect the structural and electronic 
properties of the tested VOCs.  This image is reproduced from taken reference131  
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Anslyn advanced upon this work by adapting the array for a real life application, namely the 
analysis of citrate and Ca2+ levels in flavoured vodkas.64 The array possessed one receptor (21), 
which contained guanidinium groups for anion binding, which was used alongside one indicator 
(xylenol orange – see Figure 25). As this system only employed one colourimetric component, 
one could assume it was a simple IDA. However, the equilibrium that existed in these solutions 
was complex and resulted in subtle changes in the UV-Vis spectrum and therefore pattern 
recognition was needed to extract these subtle differences. The arrays success was due to 
synergistic binding; where the binding of citrate to the receptor released the indicator, which then 
allowed for the indicator to bind Ca2+. The reverse was also true, where the binding of Ca2+ by 
the indicator freed up the receptor for its binding to citrate.64 An ANN was again adopted for the 
training of the control UV-Vis spectroscopic data, where the controls related to complex solution 
containing different concentrations of calcium and citrate. Once the ANN had been trained, the 
system was used to determine the concentration of citrate and calcium in a number of flavoured 
vodkas. The predicted values from the ANN were then compared to those obtained by NMR 
analysis of the same solutions to obtain an associated error. The results indicate that although the 
array was able to successfully identify between complex mixtures, the system currently has a large 
associated error, wrongly assigning a solution 1.7% to 30% of the time (depending on solution). 
It was suspected that this error could be alleviated through the inclusion of additional training 
responses.64 
 
 
 
 
Figure 24: The chemical structures of tartrate and malate and the two receptors (19 and 20) used within 
the array. Image taken from reference60 
 
19 20 
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Figure 25: The receptor (21) and indicator employed by Ansyln to determine the citrate and calcium levels in 
flavoured vodkas. Image reproduced from reference64 
More recently, Margulies et al reported the development of a receptor that could identify 
between a range of pharmaceuticals and drug concentrations.65 The receptor possessed four 
spectrally overlapping fluorophores and a number of Wulff-type boronic acids appended to a 
proline amino acid.30 The binding of the different analytes by this probe affected the emission of 
each of the fluorophores, resulting in a unique fluorescence profile for each of the analytes.  A 
number of cardiac drugs and antibiotics were presented to the receptor and through principle 
component analysis (PCA), the authors were able to identify the different analytes with 93% 
accuracy.30,65 
 
 
 
 
  
 
 
 
 
 
 
 
 
Despite the large associated error with Anslyn’s array, the example clearly illustrates the practical 
uses of pattern recognition. A number of other research groups have utilised these so-called 
“electronic noses” or “electronic tongues” to develop a range of applications for monitoring the 
Figure 26: a) Structure of the boronic acid based receptor used within the IDA. b) PCA plot of the 
Fluorescence response of the different drugs and antibiotics testes with the array. Images reproduced from 
reference65 
21 
xylenol 
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flavours of beers,66 discrimination between organic acids,67 monitoring the processing of heavy 
oils68 as well as the discrimination of complex coffee aromas.69 An extensive review of this area is 
beyond the scope of this thesis; instead the focus remains on the use pattern recognition for the 
detection of phosphorylated species. More comprehensive reviews in general pattern recognition 
can be found by Liang70 Chang71 or Anslyn.72  	  
1.4.2	  Pattern	  recognition	  of	  phosphorylated	  species	  	  
 
Pavel et al73 developed an ‘easy to use’ array for the distinction between a number of different 
toothpastes. Toothpastes are extremely complex, as they contain a vast range of ingredients such 
as stabilisers, flavours, thickening and foaming agents, as well as anions such as fluoride, PPi and 
HPO42-. In order to discriminate between the different toothpastes, the authors designed an array 
of receptors based on a calix[4]pyrrole structure, which were capable of binding a range of anions 
commonly found in toothpastes. Due to the complex nature of the toothpastes, the receptors 
needed to display large affinities towards the anions to ensure they were capable of binding in 
such complex environments. The receptors were chemosensors and thus the binding interactions 
were monitored through changes in their optical properties.  
 
Aqueous solutions of a range of anions were first tested on the array, to determine its ability to 
distinguish between all of the tested anions PCA (see Chapter 3.5) was used to visualise the 
obtained responses. The cross-reactive nature of these receptors ensured the successful 
discrimination between all of the anions including those that are structurally similar, such as 
H2PO42-and HSO42-. The authors subsequently tested the system on a number of different 
commercially available toothpastes and were also able to successfully differentiate between these 
(Figure 27). 
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Figure 27: a) PCA score plot of the arrays response to a range of different anions (listed in Figure). b) PCA 
plot of the results obtained from screening a range of toothpastes (list in Figure) with the. These images are 
reproduced from reference73 
 
The recognition of these common anions in waste and drinking water, is also an area of great 
interest. Guan et al61 recently designed an array system that was successfully able to differentiate 
between ten different anions at their wastewater discharge concentration.61 The array was 
simplistic in its design, using a number of commercially available colourimetric indicators and 
metal salts. The indicators chelated with the metal cations and subsequently underwent colour 
change. The addition of an anion introduced a competing target for the indicator; as the anion 
and the indicator would compete for the binding of the metal salt. The colourimetric response 
upon the addition of various anions was monitored using a flatbed scanner and the results were 
analysed by PCA and HCA to de-convolute the results. The authors were able to differentiate 
between most of the anions, but a slight overlap of the responses from bromide and chloride was 
obtained (Figure 28).61 In order to establish the array system as a realistic option for wastewater 
analysis, the authors analysed the effect of pH, interfering anions and temperature on the array 
and the results suggested that these factors did not affect the ability of the array to successfully 
discriminate between the anions. This demonstrated the feasibility of the array for true sample 
testing and Guan et al proposed that with further improvements, a portable hand held device for 
the detection of the anions in water could be developed.61 
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Figure 28: PCA plot of the array developed by Guan et al, that could successfully differentiate between the 
tested anions. The image is reproduced from reference	  61 
A number of IDAs that incorporate boronic acid-based receptors have also been combined with 
pattern recognition. For example, the Singaram group reported the development of an array of 
bis-boronic acid appended benzyl viologens (BBVs) for the discrimination between neutral 
carbohydrates, phosphor-sugars and nucleotides.74 The discrimination arose through a synergistic 
relationship between the BBVs and a fluorescent indicator. In the ground state an electrostatic 
interaction between a BBV and the indictor resulted in a decrease in the indicator’s fluorescence, 
which was facilitated by electron transfer from the dye to the viologen.74 The addition of a diol 
containing analyte (which resulted in the formation of a boronate ester) induced a degree of dye 
displacement. The amount of displacement was dependant upon the electrostatic interaction 
between the BBV and the diol containing species and anionic species induced a greater 
displacement of the dye, which resulted in a high fluorescence output being detected (see Figure 
29).74 The authors employed PCA and HCA to discriminate between the fluorescence 
fingerprints of nine anionic biomolecules (including ADP and ATP) and three neural saccharides. 
 
 
 
 
 
 
 
 
 
 
 
Figure 29: a) The relationship between the receptor and the dye is dependent upon electrostatic attraction. 
The displacement of the indicator by an anion is greatly affected by the charge of the anion. b) The 
structures of the boronic acid receptors included in the array. Image reproduced from reference74   
a b 
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The Ansyln group adopted this pattern recognition approach for the differentiation between 
AMP, ATP and guanosine 5’-triphosphate (GTP).75 The receptors included in the array were 
based on a rationally designed core with a binding cleft possessing guanidinium groups, which 
were appended with tripeptides to induce differential binding properties (Figure 30).75 These 
receptors were not chemo-responsive, thus an IDA was employed as the signalling device. 
Fluorescein was the chosen indicator and was initially bound to the receptors. Upon addition of 
the analyte the fluorescein was gradually displaced and this process was recorded over time using 
a flatbed scanner.  
 
The spectroscopic fingerprints were analysed by PCA, the plot of which illustrates the ability of 
Ansyln’s array to differentiate between the structurally similar anions (Figure 31). The receptors 
employed were non-specific, thus it was the combined response of the different receptors to the 
anions that developed their unique fingerprint.  The analysis was also performed in an aqueous 
environment, which highlights the power of multivariate analysis to discriminate between 
structurally similar anions in a competitive medium.   
 
 
 
 
 
 
 
 
There are few groups that have advanced the area of pattern recognition for nucleotide 
phosphates. The Severin group is at the forefront of this research and recently developed 
functionalised gold-clusters for the differentiation between eight nucleotide phosphates.76 The 
authors appended multiple fluorescent indicators to a single gold-nanoparticle and the indicators 
Figure 30: An example of one of the receptors used within Anslyns’ array. Image reproduced from reference75 
Figure 31: The PCA plot of the fingerprints, which was used to classify the different anions. The image 
reproduced from refrence75 
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fluorescence was quenched in this state. Exposure to an anion resulted in the displacement of 
some of the indicators, which was dependant upon the affinity of the anion to the functional 
groups appended to the cluster (Figure 32).  
 
Figure 32: Illustration of the gold nanoparticle appended with indicator and their subsequent displacement 
upon the addition of an anion. Image reproduced from reference76 
As the affinity of each of the functional groups to the anions differed, a unique displacement 
profile was obtained for each of the eight nucleotides. These profiles were analysed by PCA to 
allow for a visual classification of the different anions. The authors also demonstrated the ability 
of the array to differentiate between the same anion at two different concentrations (50 and 100 
µM) – see Figure 33.76 
 
 
 
 
 
 
 
 
 
 
 
The Severin group also developed an rhodium complex (23), which was used in a 
multicomponent indicator displacement assays (MIDAs) to distinguish between different 
adenosine phosphates.77 MIDAs differ from the traditional IDAs used in pattern recognition, as 
all of the IDAs occur in one well (see Figure 34) and thus the system acts as a dynamic 
combinatorial library.78 
 
 
 
 
 
 
Figure 33: The PCA plot generated on analysing the eight different anions at two concentrations (50 and 100 
µM). Image reproduced from reference76 
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The changes in the UV-Vis absorbance of the MIDA upon the addition of various anions (ATP, 
ADP, AMP, PPi, GTP and cyclic adenosine monophosphosphate (cAMP)) was recorded and the 
results were analysed using linear discriminant analysis (LDA – an analysis method similar to 
PCA). The result from this analysis indicated that the array could successfully differentiate 
between all of the tested anions (see Figure 35).  
 
 
 
 
 
 
 
 
 
 
 
 
This success inspired the authors to attempt a more difficult task, of quantifying the amount of 
ATP, PPi and cAMP in complex (mixed) solutions. The hydrolysis of ATP affords PPi and 
cAMP and this process is catalysed by the enzyme adenylate cyclase (AC). AC is an important 
enzyme that is involved in many signalling processes and hence the simultaneous quantification 
of ATP, PPi and cAMP would provide a method of monitoring this enzymes activity.77 36 
complex solutions, containing the three anions at different concentrations were presented to the 
array and subsequently analysed by an ANN. With the use of the ANN, the authors were able to 
predict the composition of numerous unknown complex solutions, however the associated error 
was not specified.  
Figure 34: Cartoon representation of MIDAs and how they act in a combinatorial manner. Image reproduced 
from reference78 
Figure 35: a) The LDA plot of the UV-Vis profiles generated by the different anions. b) The structure of the 
rhodium complex used within the array. Image reproduced from reference77 
 
 23 
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1.5	  Aim	  and	  Objectives	  
 
The aim of this PhD was to develop a method for the discrimination between a number of 
representative anions from three families of phosphorylated species (PIPs, nucleotide phosphates 
and inorganic phosphates). Each of these anions play an important physiological role and as 
such, the generation of an array that is able to identify between them has potential for the use as 
a future diagnostic tool for a plethora of diseases such as cancer. However, in order for this to be 
a realistic aim, the array must be able to identify the anions within complex solutions.  
 
As a wide range of anions would be tested with this array, the objective was to develop several 
synthetic receptors for the interaction with the target anions. These receptors would then be used 
within an IDA to allow for the classification and identification of the different anions.  
 
The objectives of the PhD were thus:  
 
- To develop a series of non-specific boronic acid and metallo-based receptors for 
recognition of phosphorylated species  
- To screen the ability of the developed receptors to interact with the target anions in 
IDAs  
- To analyse the multicomponent response from the IDAs with multivariate analytical 
methods, in order to develop a system that is able to discriminate between the different 
anions 
- To test complex solutions with the developed multivariate tool, to determine its ability to 
function in more ‘real-life’ applications 
- To quantify the binding affinities of the developed receptors to the target anions  
- To determine the ability of the receptors to interact with PIPs in vitro  
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2	  Receptor	  Design	  and	  Synthesis	  
 
As stated in the previous Chapter, the aim of this project was to develop a series of receptors that 
would be used within an array for the identification of numerous anions. Although three classes 
of phosphorylated anions were to be tested with the system, the distinction between PIPs was of 
particular interest as there are very few reported receptors that are able to distinguish between 
these secondary messengers, despite their crucial role in many cellular processes.79  
 
The first step in the development of the array was to decide upon the type of receptors that were 
to be included within it. The different types of receptors available were discussed in the 
Introduction and from this it was decided that the development of small synthetic receptors 
would be the best option. Since, these receptors would be used within pattern recognition they 
did not need to be specific, instead more ‘promiscuous’ receptors were desired. However it was 
important that the receptors possessed functionalities that allowed their binding to the target 
anions. It was also decided that IDAs would be used as the recognition motif, so the receptors 
included in this array did not need to be chemosensors.  
 
Since numerous receptors already exist that are able to bind to phosphorylated species, with a 
diverse range of affinities, the idea was to utilise and expand upon these to develop a family of 
receptors that could be used within the array.2  
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  2.1	  First	  Family	  of	  Receptors	  	  
 
The first family of receptors were based around the incorporation of metal centres to act as 
Lewis acids for the binding to phosphorylated species. There are numerous lanthanides and 
transition metals that could have been employed for this, but the zinc(II)-DPA motif has been 
extensively utilised in the binding of phosphorylated species and shows an exemplary affinity 
towards these molecules and thus was an obvious choice.  
 
As mentioned in the introduction, Nature’s protein-binding domains inspired the incorporation 
of metals into synthetic receptors for the binding of anions. Numerous of these binding pockets 
employ multiple metal centres and as such various groups have incorporated two or more 
zinc(II)-DPA motifs onto a receptor for the selective recognition of various anions.22 Hence, the 
use of multiple zinc(II)-DPA motifs was the inspiration for the first set of receptors. It was 
suspected that by changing the number of DPA motifs present of a receptor, as well as the 
spacer that separates them, would result in the receptors binding to different anions 
preferentially. The spacer is particularly important as it changes the size of the binding cavity, 
which is one of the greatest factors that can induce selectivity and since numerous targets of 
different sizes were to be tested with the array, we needed to ensure that the array possessed 
receptors that were capable of binding to each of the targets. A particular emphasis was put on 
the binding of PIPs, as these are quite large and there are few examples of synthetic receptors for 
the binding of these molecules.   
 
The receptors would bind to the PIPs through their inositol headgroup. Kitamura had previously 
calculated the phosphate-phosphate distances of IP3 (which is the headgroup of PIP3) by analysis 
of its crystal structure. These distances (outlined in Figure 36) were used to ensure that a number 
of receptors incorporated in the array possessed a binding cavity large enough to accommodate a 
PIP head group.80 
 
 
Figure 36: The phosphate-phosphate distances of IP3 calculated by Kitamura through analysis of its crystal 
structure.80 
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Thus, three polymetallic compounds (25, 28 & 30, Figure 37) were synthesised as potential 
receptors for the binding of the target phosphorylated species. It was suspected that each of the 
receptors would bind preferentially to a different target and this is discussed along with their 
synthesis in the subsequent sections. Although 28 and 30 had previously been reported, their 
binding to PIPs and nucleotide phosphates had not been investigated. The synthesis of ligand 24 
had previously been reported in the development of a copper(II) complex, however the synthesis 
of the zinc-based receptor 25 was novel.  
 
    
                      
 
 
 
 
	  
2.1.1	  Synthesis	  of	  1,3,5	  Tri	  (Zn(II)-­‐dipicolyamine)-­‐benzene	  (25)	  
 
The structure of the Zn-DPA receptor 25 is comparable to a number previously reported 
examples, notably 12 developed by Ahn (discussed in Introduction) and 54 developed by 
Kimaru.51,81 12 differs through the additional methyl groups that are present on the benzene ring, 
which force all of the binding motifs into the same hemisphere, due to steric hindrance. 54 
differs in the employment of cyclen units to support the metal centre as opposed to DPA; the 
binding mechanism however remains the same. Both of these receptors were shown to bind to 
cis,cis-1,3,5-cyclohexanetriol triphosphate (CTP3), which is a compound that is structurally similar 
to the inositol head group (Figure 38) and hence, it is commonly used as a mimic for PIPs. These 
results suggested that 25 would be able to effectively bind to the PIPs.  
    
 
Figure 38: Molecular structure of c i s ,c i s-1,3,5-cyclohexanetriol triphosphate and the receptor 12 developed by 
Ahn and 54 developed by Kimaru.   
 
Figure 37: The structure of receptors 25, 28 & 30 devised for the use within the array. M= zinc(II) 
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The tri-zinc complex 25 was synthesised in two steps, which involved the initial synthesis of 
ligand 24 by following a reported procedure (see Scheme 1), which involved the nucleophilic 
substitution of 1,3,5-tri(bromomethyl)benzene with dipicolyamine.82 The crude product was 
subsequently purified by column chromatography. 1H NMR spectroscopy confirmed the 
formation of the ligand, where a resonance at 3.69 ppm was assigned to the benzylic CH2 group 
of compound 24, which had shifted 0.76 ppm in comparison to the starting material. In addition, 
the peaks corresponding DPA, doublets at 8.51, 7.53 and 7.13 ppm and a doublet of doublets at 
7.65 ppm, were all present in their expected integral ratios. 
           
 
 
Scheme 1: The synthetic route to 25. i) DCM, DPA, DIPEA ii) MeOH, ZnCl2 
 
Recrystallisation of 24 by the slow diffusion of hexane into ethyl acetate resulted in the formation 
of colourless needle like crystals. A crystal from this batch was of suitable dimensions for an X-
ray crystallographic study and the results confirmed the proposed formulation (see Figure 39).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 39: Molecular structure of 24 determined by X-ray analysis 
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The tri-zinc complex 25 was synthesised by the dropwise addition of ZnCl2 into a solution of 24 
and the resulting solid was isolated by filtration. Recrystallisation of the bulk was conducted 
through the addition of excess NaPF6 into a methanolic solution of the crude, to afford 25. An 
alternative recrystallisation of the crude, which involved the slow diffusion of diethyl ether into a 
methanolic solution of 25, resulted in the formation of crystals suitable for X-ray crystallography. 
The result of the X-ray analysis confirmed the structure of 25 as triclinic with a P-1 space group, 
reflecting the unsymmetrical nature of the receptor. The zinc(II) centres have a distorted trigonal 
bipyramidal structure, whereby the zinc(II) is coordinated by the three DPA nitrogen atoms and 
two chlorides. The crystal structure of 25 conforms to prior literature examples of complexed 
DPA with a distorted trigonal bipyramidal geometry around the zinc(II) centres.83 
 
 
 
 
                       
 
 
 
 
 
 
 
 
The enforced restraint around the DPA motif upon complexation of zinc(II) can often be 
observed by 1H NMR spectroscopy. This is because in the free ligand the pyridyl groups are free 
to rotate, hence each of the benzylic CH2 groups are equivalent and thus appear as a singlet. 
Whereas upon complexation of zinc(II) the pyridyl groups have restricted rotation, which 
induces different environments onto the geminal hydrogens and often results in the splitting of 
the associated CH2 singlet. Hence, this splitting is frequently used as an indicator of product 
formation and was used to confirm product formation of 25 (see Figure 41). In addition, the 
formation of 25 was further confirmed by mass spectrometry (MALDI-TOF), with a peak with 
the right isotopic pattern at 1085 a.m.u - which could be assigned to [M – PF6]+. Elemental 
Figure 40: Molecular structure of 25 determined by X-ray analysis. The bond angles around the central 
zinc(II) cation are N(18) – Zn – N(11) = 146°, N(18) – Zn – N(8) = 75°, N(18) – Zn – Cl(2) = 97°, N(18) – Zn 
– Cl(1) = 99°. 
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analysis was also consistent with the proposed formulation and confirmed the compound’s purity 
(see Experimental).   
  
 
 
 
 
 
  
 
 
 
 
 
 
 
 
	  
2.1.2	  Synthesis	  of	  4,4’	  –	  Bis(Zn(II)	  dipicolyaminomethyl)-­‐2,2’-­‐bipyridine	  (28)	  
 
Receptor 28 had previously been reported in literature for the binding of phosphorylated 
peptides and was shown to be able to differentiate between those that were mono or 
diphosphorylated (the phosphates were separated by more than 10 Å), by the selective binding of 
the latter.84 The receptors interaction with nucleotide phosphates however had not been 
investigated, despite a similar complex (5 - see Introduction) having shown high affinities 
towards them (ca. 107).85 In addition, the spacing between the DPA units in 28 were calculated to 
be 11.5 Å, which is large enough to accommodate the PIP headgroup.84 Thus it was assumed that 
this receptor would be able to effectively bind to the PIPs, as well as adenosine phosphates.  
 
To prepare complex 28, it was first necessary to synthesise the ligand 27, which was done by 
minor modifications of a reported procedure.84 Ligand formation was confirmed by the shift in 
the 1H NMR spectrum of the bipyridine CH2 resonance from 4.80 to 3.95 ppm, alongside the 
appearance of the DPA pyridine doublets at 8.59, 7.65 ppm and the doublets of doublets at 7.78 
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Fig. S1.  1H NMR spectra (9.5 ~ 6.5 ppm) for 1+ Zn(ClO4)2; [1]=1.0 mM, pD 7.7 in D2O / 
ethanol-d6 = 2 / 1 (v / v) at 5 °C. 
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Fig. S2.  1H NMR spectra (6.0 ~ 3.0 ppm) for 1+ Zn(ClO4)2; [1]=1.0 mM, pD 7.7 in D2O / 
ethanol-d6 = 2 / 1 (v / v) at 5 °C. 
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Figure 41: Portion of the 1H NMR spectrum for receptor 25 showing the split induced on coordination of 
zinc(II). DPA splitting reproduced from reference86  
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Fig. S1.  1   spectra (9.5 ~ 6.5 ppm) for 1+ Zn(ClO4)2; [1]=1.0 mM, pD 7.7 in D2O / 
ethanol-d6 = 2 / 1 (v / v) at 5 °C. 
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Fig. S2.  1H NMR spectra (6.0 ~ 3.0 ppm) for 1+ Zn(ClO4)2; [1]=1.0 mM, pD 7.7 in D2O / 
ethanol-d6 = 2 / 1 (v / v) at 5 °C. 
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and 7.26 ppm. Elemental analysis of the compound agreed with the proposed formulation, 
confirming the purity of the ligand.   
 
 
 
 
 
 
           
 
The formation of the metal complex was performed in situ, with the addition of two equivalents 
of Zn(NO3)2.6H2O to a CH3CN: HEPES mixture of the DPA ligand 27. No coordination at the 
bipyridine site was expected as the DPA moieties have a higher affinity towards divalent metals 
such as zinc(II) and copper(II), over the bipyridine.86 This is because the bypyridine generally 
exists in a transoid conformation and the binding at this site forces the complex into a cisoid 
state, making metal coordination at this site less energetically favourable (Figure 42). The 
increased affinity at the DPA site may also be attributed to the fact that DPA is a tridentate 
ligand, whereas the bypyridine is only bidentate.  
 
 
The formation of this complex was confirmed through the splitting of the DPA geminal CH2 
peak in the 1H NMR spectrum to form two broad singlets at 4.36 and 4.00 ppm. In addition 
mass spectrometry (MALDI-TOF) showed a peak with the right isotopic pattern at 834 a.m.u 
that was assigned as [M+H]+.  
 
2.1.3	  Synthesis	  of	  1,4-­‐bis	  (Zn(II)-­‐dipicolyamine)-­‐benzene	  (30)	  
 
Receptor 30 had been previously reported, but its molecular recognition properties towards PIPs 
and nucleotide phosphates had not been studied.85 The receptor possesses the functionalities that 
are appropriate for the binding of the target anions and the spacer between the motifs was 
Scheme 2: Synthetic route to 28. i) CH3CN/HEPES, Zn(NO3)2.6H2O  
Figure 42: Illustration of the transoid to cisoid transformation that occurs on binding at the bipyridine site. 
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different to that employed in the other adopted receptors. Hence, its development for use within 
the array was of interest.  
 
Complex 30 was synthesised in two steps, with the initial nucleophilic substitution of the 1,4-
bis(bromomethyl)xylene by dipicolylamine. The formation of the ligand (29) was confirmed by 
1H NMR spectroscopy with a chemical shift of the benzylic CH2 shifting from 4.48 to 3.72 ppm. 
In addition, the DPA-pyridine doublets at 8.54 and 7.63 ppm, and the doublets of doublets at 
7.75 and 7.22 ppm, were all present in their expected integral ratios.  
 
A methanolic solution of ZnCl2 was titrated into a solution of the free ligand 29, which resulted 
in the precipitation of crude 30. The solid was isolated by filtration and recrystallized from an 
aqueous solution by the addition of ethanol. The formation of 30 was confirmed by the splitting 
of the geminal CH2 peak associated to the pyridine in the 1H NMR spectrum (from a singlet at 
3.86 ppm to two doublets at 4.21 and 3.91 ppm). In addition elemental analysis of the compound 
agreed with the proposed formulation, which confirmed the purity of the compound.   
                
                           
 
 
 
 
 
Thus, three complexes were ready to be taken forward to the array. However the aim of the 
research was to distinguish between numerous phosphorylated species, some of which are 
structurally very similar and it is known that an array consisting of many different types of 
receptors increases the effectiveness of discrimination.87 Hence this family was expanded to 
incorporate different binding motifs in order to increase the diversity of the array.  
	  
2.1.4	  Synthesis	  of	  1,3-­‐bis	  (Zn(II)-­‐dipicolyamine)-­‐benzene	  –	  5-­‐	  benzyl	  amine	  (35)	  
 
The design of receptor 35 is similar to that of 25, except one of the DPA units is substituted with 
a primary amine. This not only changes the binding moiety but also the size of the resulting metal 
complex. The ligand (34) to this complex had been previously reported for the formation of a 
copper complex for the binding of DNA,82 but 35 is a novel compound.  
 
Scheme 3: Synthetic route for the synthesis of 30. i) DPA, DCM, DIPEA ii) MeOH, ZnCl2 
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Receptor 35 was synthesised in a four-step process according to the procedure illustrated in 
Scheme 4.82 The first step involved the protection of one of the methyl groups with a pthalimide 
via nucleophilic substitution, which generated the first intermediate 32 after column purification. 
The protected product was identified by the 1H NMR spectral shift of one of the benzyl CH2 
peaks from 4.45 to 4.85 ppm, in conjunction with the appearance of the phthalimide doublet of 
doublets at 7.85 and 7.70 ppm (all present with the expected integral ratios). 32 was subsequently 
reacted with dipicolyamine, where the phthalimide served as an excellent protecting group 
enabling the second intermediate 33 to be obtained in excellent yield after column purification. 
33 was identified by 1H NMR spectroscopy, with a shift of the peak that corresponds to the two 
DPA bridging CH2 protons, from 4.45 to 3.63 ppm. The aromatic protons corresponding to the 
DPA were also observed in their expected integral ratios (doublet of doublets at 8.53 and 7.00 
ppm and a multiplet at 7.57 – 7.63 ppm).    
 
The deprotection of the pthalimide was conducted using the Ing-Manske procedure and involves 
the nucleophilic attack of the phthalimide by hydrazine yielding phthalhydrazide and the 
benzylamine salt.88 The salt was neutralised with KOH and the pure ligand 34 was obtained by 
extraction with CHCl3. Ligand formation was confirmed by the loss of the two aromatic peaks in 
the 1H NMR spectrum at 7.85 and 7.70 ppm, which corresponded to the pthalimide. In addition 
the appearance of an N-H stretch in the IR spectrum further confirmed the formation of the 
primary amine (1608 cm-1). Complexation of the metal to the ligand was conducted via the same 
procedure as before, with the dropwise addition of aqueous Zn(NO3)2●6H2O to an ethanolic 
solution of the free ligand. The resulting precipitate was isolated by vacuum filteration and 
washed with CH3CN to yield the final complex 35. The splitting of the DPA- CH2 protons to 
yield a doublet at 4.10 and a multiplet at 4.03 – 3.89 ppm, confirmed formation of the complex 
and the proposed formulation was further supported by elemental analysis. 
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Scheme 4: The synthesis of receptor 35. i) Pthalimide, K2CO3, Benzyl triammoinum chloride, (CH3)2CO  
ii) DPA, DCM, DIPEA iii) Hydrazine, EtOH, CHCl3 iv) EtOH, Zn(NO3)2.6H2O  
 
In addition to being a ligand for the preparation of potential metallo-receptors, compound 34 
was also a suitable starting material for the synthesis of another ligand containing a boronic acid 
group (see next section). 
 
2.1.5	  Synthesis	  of	  1	  –formylphenyl-­‐	  3,5	  -­‐bis	  (Zn(II)-­‐dipicolyamine)-­‐benzene	  (38)	  
 
As mentioned in the Introduction, boronic acids are able to covalently bind to vicinal diols. 
Although this interaction was initially thought to only occur in alkaline conditions, it has since 
been found that the incorporation of an acidified moiety at the ortho position (to the boronic 
acid) enables this interaction to occur at a physiological pH values.30 It was suspected that the 
amine group on ligand 34 would be a suitable acidified moiety to aid this interaction, which 
explains the design of receptor 38. Since the majority of PIPs possess vicinal diols it was 
hypothesised that this receptor could potentially display high affinities towards these anionic 
species. Adenosine phosphates also contain vicinal diols, so the receptor should be able to 
effectively bind to these molecules as well. Although the design of this receptor had previously 
been reported in a patent, no binding studies involving this receptor had been published, nor a 
procedure for the preparation of its metal complexes.   
 
The synthesis of this receptor involved five-steps, the initial three were the same as those 
reported for the synthesis of 34 (see above – Scheme 4). The fourth step involved the reductive 
amination of 34 with 2-formyl phenyl boronic acid to yield ligand 37. Reductive aminations have 
been extensively used in literature and occur through a transition of an intermediate iminium 
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ion.89 The formation of this iminium ion is generally acid catalysed and its subsequent reduction 
can either be direct or indirect depending on the type of reducing agent that is employed.89 The 
direct method is often favoured as in these cases the iminium ion is preferentially reduced over 
aldehydes or ketones, making purification easier. Thus a direct method of reduction was initially 
attempted in a dry, methanolic environment. Both cyanoborohydride and acetoxyborohydride 
selectively reduce iminium ions over aldehydes and ketones and therefore each of these reagents 
were tested for their compatibility in this reaction. TLC and ninhydrin stains were used to 
monitor the reaction progress, however in each case a lack of product formation was observed. 
There are two possible limiting factors for reductive aminations: the formation of the imine or its 
subsequent reduction. Therefore various reaction conditions were investigated adjusting the pH, 
reaction time, temperature, solvent and nature of the reducing agent. This led to the employment 
of sodium borohydride as the reducing agent (which employs an indirect method), in a slightly 
basic media. Typically acidic conditions catalyse these reactions through protonation of the 
carbonyl. However, in this case it is suspected that the basic conditions prevented protonation of 
the amine aiding its nucleophilic attack at the carbonyl centre.  
 
The crude product from this reaction was purified through extraction and column 
chromatography to yield the pure ligand 37. Its formation was confirmed through an additional 
peak in the 1H NMR spectrum corresponding to the benzylic CH2 at 3.98 ppm and the presence 
of the aromatic phenyl protons with the correct integral ratios (appearing as a doublet at 8.45, 
7.72 and the doublet of doublets at 7.82 and 7.33 ppm).  
 
 
An aqueous solution of Zn(NO3)26H2O was then added to a solution of 37 in MeOH. The 
solvent was removed and the complex was obtained through recrystallisation from 
methanol/diethyl ether. Complex formation was confirmed by 1H NMR spectroscopy with the 
splitting of the DPA-CH2 peak from 3.82 to two peaks at 4.24 and 3.88 ppm. However, the 
splitting is less pronounced due to an overlap of peaks (Figure 43). The presence of the boronic 
acid was confirmed through 11B NMR spectroscopy with a peak at 20 ppm and elemental analysis 
supported the proposed formulation of the receptor and confirmed its purity.  
Scheme 5: Synthetic route to receptor 38 conditions: i) MeOH, N(CH2CH3)3, NaBH4 ii) Zn(NO3)2.6H2O, MeOH    
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Figure 43:	  1H NMR of complex 38, illustrating the splitting induced of the DPA-CH2 by complexation of 
zinc(II)  
 
2.1.6	  Synthesis	  of	  1	  –formylphenyl-­‐	  4	  -­‐(Zn(II)-­‐dipicolyamine)-­‐benzene	  (44) 
 
Receptor 44 is a new compound and was designed with the aim that the boronic acid would be 
able to interact with the diol present in PIP2 and the Zn-DPA motifs would bind to the 
phosphate groups.   
 
44 was synthesised in five steps, all of which are similar to those used for the preparation of 38. 
The first step involved the initial pthalimide protection of 1,4-bis(bromomethyl)benzene. The 
crude of this reaction was purified by column chromatography and the formation of the 
intermediate (40) was confirmed by 1H NMR spectroscopy, with an upfield shift of one of the 
benzyl CH2 groups from 4.87 to 4.48 ppm. Nucleophilic substitution of 40 with DPA led to the 
development of the second intermediate 41, which was purified by column chromatography. The 
formation of 41 was confirmed by 1H NMR spectroscopy, with a shift of one of the benzyl CH2 
groups (from 4.48 ppm to 3.66 ppm) and the appearance of the pyridyl peaks in the spectrum 
(doublet of doublets at 8.51, 7.66, 7.57 and 7.14 ppm).  
 
The Ing-Manske procedure was again adopted for the removal of the pthalimide to yield 42. The 
spectroscopic shift of one of the benzyl CH2 from 4.48 to 3.87 along with the disappearance of 
the protons at 7.87 and 7.73 ppm (which corresponded to the pthalimide group) confirmed the 
successful deprotection of 41. Compound 42 was then reacted with 2-formyl phenyl boronic acid 
via an indirect reductive amination (NaBH4 used as the reducing agent), in a slightly basic media. 
The crude was dissolved in CHCl3 and washed with distilled water. The organic layer was dried 
over magnesium sulphate and purified by column chromatography to yield the ligand 43. The 
ligands formation was confirmed by 1H NMR spectroscopy with the appearance of the bridging 
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benzyl CH2 peak at 5.42 ppm. Additional protons were also present for the phenyl aromatic 
peaks, however these appeared as a multiplet along with the pyridine protons making it difficult 
to fully assign the 1H NMR spectrum. However, the integration was consistent with product 
formation and mass spectrometry (ESI – MS) also confirmed product formation with a peak 453 
a.m.u. which could be assigned to [M +H]+.    
 
 
A methanolic solution of ZnCl2 was titrated to the free ligand 43, resulting in the precipitation of 
the final complex 44, which was isolated by filtration. Spectroscopic analysis of this compound 
indicated product formation with the splitting of the DPA-CH2 peaks (from a singlet at 4.35 ppm 
to two doublets at 4.28 and 3.89 ppm), however elemental analysis indicated the presence of 
inorganic impurities. Attempts were made at recrystallising this receptor from an aqueous 
solution, but to no avail. Due to time constraints a pure sample was not obtained and was thus 
not taken on to the next stage of analysis, however the advantage of pattern recognition is that 
the compound library can be easily expanded at a later stage. Hence the purification and analysis 
of this receptor is left for future work.  
 
 
All of the compounds discussed thus far have employed zinc(II) as the metal centre for the DPA 
motif. Although the reasons for using this metal are justified, it is known that changing the 
identity of metal centre can greatly alter a receptor’s affinity towards a given anion.51,52 For 
example, Ahn found that complexing zinc(II) to a tripodal DPA ligand (see Introduction - 
receptor M) resulted in the receptor displaying high affinity towards IP3, whereas complexing 
copper(II) led to the selective binding of phytate. Copper(II) is another metal cation that has 
been successfully incorporated within DPA units for the binding of phosphorylated species.90 
 
Scheme 6: Synthetic route to receptor 44 i) Pthalimide, K2CO3, Benzyl triammoinum chloride, (CH3)2CO ii) 
DPA, DCM, DIPEA iii) Hydrazine, EtOH, CHCl3 iv)  MeOH, triethylamine v) MeOH, ZnCl2.   
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Hence, using the developed ligands but incorporating copper(II) instead of zinc(II) allowed for a 
simple method of yielding more potential receptors to diversify the proposed array.  
 
2.1.7	  Synthesis	  of	  Copper(II)	  analogues	  
 
The copper(II) analogues, of most of the zinc(II) receptors were prepared, giving rise to 
receptors 26, 31 and 36 (Figure 44). The receptors were formed by the titration of a CuCl2 
solution to the free ligand in the same manner as described for the zinc(II) analogues. Due to the 
paramagnetic nature of copper(II), 1H NMR spectroscopy could not be used to characterise 
these complexes. The formation of each of the receptors was however confirmed by mass 
spectrometry and elemental analysis (see Experimental for details). 
 
 
Attempts were made at making the copper equivalent of receptors 38 and 44 (39 and 45), 
however upon complexation of the metal, deboronation occurred. This was confirmed through 
analysis of their crystal structures (Figure 45 and 46), which were obtained by slow evaporation 
from an aqueous ethanolic mixture of the compound. Unfortunately some disorder was found in 
both cases preventing detailed structural analysis of these complexes. In the case of 39, the 
disorder occurred around one of the DPA sites (N(33)), but the deboronation can be clearly seen 
with the replacement the B(OH)2 group of a chloride (Cl(4)).  
 
 
 
 
 
 
 
 
 
 
Figure 44: From left to right, the structures of receptors 26, 31 and 36 
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For 45, the distortion occurred around the expected boron site and indicated the co-precipitation 
of two complexes. One of the complexes was confirmed as the copper(II) substituted derivative 
of this compound (45). One would expect the other compound to be the boronic acid form of 
this complex, however the electron density was insufficient to justify the presence of this 
fragment. Hence, the identity of the second compound remains unknown. In addition, the 
obtained crystal was a dimer, which was formed by the copper(II) cations coordinating to the 
same chlorides. The dimerization of this compound was unexpected, particularly because two 
other copper(II)-DPA complexes (31 and 39) had been crystallised in their monomeric form (see 
Figure 45 and 47). Further analysis of this compound would need to be conducted to elucidation 
the exact structure of the compounds present in this dimer, however since the boronic acid was 
clearly not present (which was the component of interest) further work on this complex was not 
conducted.  
Figure 46: Crystal structures of compound 45  
Figure 45: Crystal structures of compound 39 
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Although the crystal structure of 31 was obtained, it will not be discussed within this research as 
it has already been reported in literature. The crystal was formed when attempting to get co-
crystallisation between 31 and PPi.     
 
 
 
 
 
 
 
 
 
 
 
 
 
The replacement of the boron with a chloride was an unexpected complication, however upon 
literature investigation it became apparent that proton-deboronation can sometimes be an 
undesirable by-product, which occurs due to competitive hydrolytic B-C bond cleavage.91 The 
reaction conditions greatly influences this process and it was found that 2-formyl phenyl boronic 
acid is particularly susceptible to such cleavages. Since the desired analogous zinc(II) complexes 
were readily formed and there was no evidence of deboronation, it was suspected that the 
copper(II) was playing a catalytic role in the cleavage of the B-C bond with subsequent addition 
of a chloride. This theory was supported by a paper by Wu et al where a number of boronic acid 
derivatives were chloro-deboronated with yields of up to 98% in the presence of copper(II).92 
Hence, it became apparent that the formation of copper(II)-DPA complexes in conjunction with 
boronic acids could not be easily obtained, which resulted in the exclusion of this type of 
complex from the array.  
 
During the characterisation of compound 39, it was observed that addition of diethyl ether to an 
acetone solution of the compound, led to the formation of a gel (Figure 48). Although this 
system was not investigated further, as it was not the main aim of the project, this feature makes 
receptor 39 potentially interesting for other applications.  
 
Figure 47: Crystal structures of compound 31 
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To summarise the results thus far: a series of eight receptors were developed that differed in the 
number of binding groups, the type of binding group and also the identity of the metal centre 
employed. These receptors focused around the use of a DPA motif and were a good start for the 
development of receptors for an anion responsive array (see Chapter 3). However, we were 
interested in introducing further diversity into the array to increase its range of applicability; 
hence an additional family of receptors were developed (see next section).  	  2.2	  Second	  Family	  of	  Receptors	  	  	  	  	  
 
The design of the second family of receptors was inspired by prior publications within the Vilar 
research group38 as well as others45, whereby a platinum(II) centre was used to organise a series 
of ligands which have the ability to interact with anions via hydrogen bonding (see Introduction). 
This approach, in which the metal cation plays a structural role, is advantageous as it enables the 
development of receptors that possess different functional groups which would be hard to 
synthesise using purely organic scaffolds.  
 
2.2.1	  Synthesis	  of	  [(48)bis(47)platinate(II)]	  (OTf)2 (49) 
 
Receptor 49 was based upon a receptor developed by Bondy (see Figure 9), which contained four 
5-aminoquinoline ligands coordinated around a central platinum(II) cation.45 The receptor was 
shown to bind to various anionic species with moderate affinities by either encapsulating the 
anion within its cavity or binding in a 2:1 ratio. The mechanism by which the receptor bound was 
dependent upon the size and charge of the anion and allowed for the receptor to differentiate 
between different anionic species. Our approach was to use the platinum(II) centre as a scaffold 
to bring together phosphate binding groups as well as a boronic acid, which have the potential to 
bind to diols. It was also hypothesised that the receptor would retain its flexible nature and thus 
be able to bind a variety of anions including PIPs and adenosine phosphates. 
 
Figure 48: Gellation of 39 in the presence of diethyl ether 
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The first step towards the development of the proposed metallo receptor 49 was to synthesise 
the ligands. The phenanthroline-boronic acid ligand (46) had previously been developed within 
the MRes component of this project via a reductive amination between 2-formylphenyl boronic 
acid and 1’10 phenanthroline-5-amine under acidic conditions.93 The formation of the ligand was 
confirmed by 1H NMR spectroscopy with the appearance of the benzylic CH2 at 4.81 ppm. In 
addition all of the peaks were present with the right integral ratios for the proposed formulation. 
Mass spectrometry further confirmed product formation.  
 
The quinoline ligand (47) was synthesized following a previously reported procedure (Scheme 
7).45 The reaction occurs through nucleophilic attack of 5-aminoisoquinoline to n-butylisocyanate 
in dry DCM, 47 was obtained on the addition of hexanes. The formation of the ligand was 
confirmed by 1H NMR spectroscopy, which showed the appearance of one of the urea NH 
peaks 5.59 ppm (the other was concealed within a multiplet at 7.61 – 7.52 ppm). The urea group 
(C=O stretch) could also be seen in the IR spectrum (1629 cm-1). Mass spectrometry also 
confirmed product formation with a peak at 244.14 a.m.u, which could be assigned as [M+H]+.  
 
            
 Scheme 7: Synthetic route for quinoline ligand 47 i) DCM 
Once the ligands had been formed, complexation to a platinum(II) centre was undertaken. 
Platinum(II) was initially coordinated to the phenanthroline ligand 46, as this binds in a cis 
fashion, whereas the quinoline ligand could bind in cis or trans fashion.  
 
The platinum(II) intermediate 48 was prepared in one step, which involved the drop-wise 
addition of a solution of K2PtCl4 to a water/DMSO solution of 46.94 After reaction completion, 
the water was removed under reduced pressure and a solid precipitated out of the resultant 
solution on standing. 1H NMR spectroscopy was consistent with this solid being the desired 
product 48, with distinct downfield shifts of the CH protons closest to the metal centre (9.28 and 
8.78 to 9.68 and 9.20 ppm). Mass spectrometry (TOF-MS) also confirmed complex formation 
with a peak at 618 a.m.u, which could be assigned to [M+Na]. Elemental analysis was also 
consistent with the proposed formulation and confirmed the complex’s purity.  
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Scheme 8: Synthetic route for the development of platinum intermediate 48. i) DMSO, H2O, K2PtCl4 
The next step towards the synthesis of complex 49 involved the substitution of each of the 
chlorides from 48 by a ligand 47. This proved to be less straightforward than initially predicted 
and several reaction conditions were investigated (see Table 1) before the final complex 49 was 
prepared. Initial attempts involved the direct substitution of the chloride anions by the quinoline 
ligand, however these were unsuccessful (the starting materials were recovered). The removal of 
the chlorides is not just dependent upon the strength of the incoming ligand, but also on the 
nature of the trans ligand (i.e. the trans-effect).95,96 Our initial observations suggested that the 
phenanthroline ligand was hindering the displacement of the chlorides, by the incoming ligand 
47. Hence, a move towards a better leaving group was needed and this was achieved through the 
incorporation of an additional step.  
 
Table 1: List of reaction conditions attempted for the formation of 49 (SMs = starting materials) 
 Starting materials  Reaction conditions Solvent  Outcome  
1 48 & 47 Heat for 24hrs  MeOH:H2O Failed – SMs 
recovered 
2 i)48 & AgNO3 
ii) 47 
Inert conditions, reflux 
24hrs, dark 
DMF Failed – SMs 
recovered 
3 i) 48 & AgCF3SO3 
ii) 47 
Stirring 24hrs room 
temperature, dark 
DMF Failed –SMs 
recovered 
4 i)48, CF3SO3H  
 &    AgCF3SO3 
ii) AgCF3SO3 iii) 47 
Stirring 24hrs room 
temperature, dark 
CF3SO3H Mono 
substituted 
complex 
formed as well 
as 49 
5 i)48, CF3SO3H  
& AgCF3SO3 
ii) AgCF3SO3 iii) 47 
Inert conditions, reflux, 
72hrs, dark 
i&ii)CF3SO3H & 
DMSO 
iii) MeOH 
Pure 49 
successfully 
isolated  
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Compound 49 was successfully prepared by first replacing the chlorides from compound 48 with 
two equivalents of silver triflate in triflic acid (see Table 1, entry 5 and Scheme 9). The resulting 
triflate intermediate was not isolated, but immediately reacted with 47 in a methanolic solution. 
The resultant oil was sonicated in toluene to remove any uncomplexed 47. Further purification 
by column chromatography and recrystallisation from DCM/H2O resulted in the successful 
isolation of 49. 
 
 
 
Scheme 9: Synthetic route for the formation of 49 i) DMSO, AgCF3SO3, CF3SO3H ii) MeOH, 47   
 
Due to the large number of non-equivalent aromatic protons present in the molecule, the 1H 
NMR spectrum was complex, preventing full assignment of all the signals. However, certain 
peaks like the alkyl groups of the phenanthroline (46) and the quinoline ligands (47) could be 
easily identified. For example, the alkyl groups of 46 appeared at 4.77 ppm and those of 47 
appeared as multiplets at 3.14, 1.53 – 1.41, 1.40-1.27 and 0.87 ppm. Although full assignment 
could not be achieved, all of the protons were present with the right integral ratio (aromatic: alkyl 
– see Appendix 1). Product formation was also confirmed through LC-MS with a single peak 
appearing at 0.91 minutes (See insert in Figure 49). The mass spectrum of this fraction is shown 
in Figure 49 and the peak at 505.2 a.m.u could be assigned as [M]2+ and the additional peak at 
512 a.m.u was assigned as [M+H2O]2+. Elemental analysis of this complex was also consistent 
with the proposed formulation.  Numerous attempts were made to obtain a single crystal, but 
despite various solvent systems being tested, each resulted in the precipitation of the complex. 
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The quinoline based ligand 47 is fluorescent, but upon its complexation to platinum(II) the 
fluorescence is quenched (Figure 50). This is due to the electron deficient metal cation acting as a 
quencher by electron transfer.97 The lack of fluorescence of 49 is a further indication that no free 
47 is present in the sample.  
 
 
 
 
 
 
 
 
 
 
Figure 50:	  The flourescence emission of ligand 47 (blue) and the platinum complex 49 (red). Complexation 
of the ligand to platinum quenches the ligands flourescence. Excitation 445 nm.  
	  
 
Figure 49: The mass spec of 49 and inset the HPLC trace of 49 and the expected isotopic pattern predicted 
by ChemDraw.  
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2.2.2	  Synthesis	  of	  bis[(46)(52)platinate(II)]	  dichloride	  (53)	  	  
 
 
The design of 53 was based upon a series of receptors developed within the Vilar research group, 
that utilised various thiolate ligands to bridges two platinum complexes together (see Figure 51).40 
These receptors are also quite flexible and were reported to bind to various anions with moderate 
affinities through hydrogen bonding by their the urea groups (Figure 51).40  
 
                
 
Figure 51:	  On the left is the crystal structure of platinum based receptor developed by Mendoza taken from 
reference 21. 40 On the right is the proposed binding mechanism of receptor 53.  
In the previously reported examples, 1,3-bis(diphenylphosphino)propane (dppp) was the auxiliary 
ligand to the platinum(II) and was not involved in the binding interaction to the anions. It was 
hypothesized that including an auxiliary ligand that possessed binding capabilities could 
potentially improve the receptors’ affinity and selectivity towards certain anions. Hence the 
phenanthroline ligand 46 was incorporated into these diplatinum receptors (Figure 52).  This 
receptor consisted of two different ligands, which needed to be synthesized before the 
development of 53. The synthesis of the 46 has already been discussed (see above) and the 
platinum(II) complex of this ligand (48) was used in the formation of complex 53. The synthesis 
of the second ligand 52 is discussed below. 
 
 
                                           
                                        
 
 
 
 
Figure 52: Structure of 53 
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52 was synthesized in three steps following a previously reported procedure (see Scheme 10).40 
The initial step involved the nucleophilic attack from dithiobis 2,2 ethanamine, to 
phenylisocyanate, resulting in the precipitation of 50. This intermediate was identified by 1H 
NMR spectroscopy with the presence of the two NH groups of the corresponding urea at 8.60 
and 6.21 ppm. In addition, all peaks were comparable to literature and present with the correct 
integral ratios.40 For ease of purification the disulphide bond was reduced with 
triphenylphosphine (PPh3) and then bound to lead(II), as these complexes are insoluble and can 
therefore be easily isolated by filtration.39 The formation of 51 was identified through 
spectroscopic shifts of the alkyl protons within the 1H NMR spectrum from 3.42 and 2.81 ppm 
to 3.59 and 3.26 ppm respectively (consistent with literature). The pure thiol-urea ligand 52 was 
generated under acidic conditions, however the ligand was unstable and converted back to the 
disulphide form over extended time periods. Hence, the cleavage of 51 was only undertaken 
when required. The cleaved form was analysed by 1H NMR spectroscopy, which confirmed 
successful generation of 52 with the appearance of the SH proton at 2.26 ppm.  
 
 
Scheme 10: Synthesis of ligand 52 i) K2CO3, CH3CN ii) PPh3, 1-4, dioxane, H2O, HCl, Pb(C2H3O2)2 iii) 
MeOH, HCl  
 
Once both the ligands had been purified they could be reacted together, the procedure of which 
is illustrated in Scheme 11 and involves the initial stirring of 52 in dry methanol in the presence 
of potassium tert-butoxide, which deprotonates the thiol. 48 was subsequently suspended in the 
solution and the reaction mixture was taken to reflux. The hot solution was immediately filtered 
and on cooling 53 precipitated out of solution.  
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The 1H NMR spectrum of this receptor was extremely complex and broad (see Figure 52b) 
which prohibited the characterisation of this complex via NMR spectroscopy. Considering the 
large number of aromatic protons in this complex and the fact that the compound can be present 
in several different conformations (see Figure 53a), it is not surprising that the 1H NMR 
spectrum was so broad. The compound was also characterised by mass spectrometry which 
showed a peak at 719 a.m.u which could be assigned to [M-2Cl-]2+and had a similar isotopic 
pattern to that expected (see Figure 53c). However, the mass spectrum was also complex as a 
number of other peaks were present in the spectrum. However, this was probably a result of the 
complex breaking down on analysis. Elemental analysis however was consistent with product 
formation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 11: Synthesis of 53. i) MeOH, K+(CH3)3CO- 
Figure 53: a) The different conformations that 53 can exist in in solution. b) A section of the 1H NMR 
obtained from the compound. c) The mass spec peak obtained of the 53 ([M-2Cl]2+/2) alongside the 
expected isotopic pattern of the compound, predicted by ChemDraw  
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A point to note, is that the elemental analysis contained one molecule of KCl (generated by the 
base). The presence of this salt was unsurprising as prior research within our group demonstrated 
that these type of receptors readily pick up salts, as illustrated in Figure 54. As illustrated in this 
figure, the cation is bound by the carbonyls of the urea and an extra counterion exists.  
 
                                
Figure 54:	   X-ray crystral structure of 1 with a sodium anion bound by the carbonyls of the urea. Three 
triflates are present as the counterions. The image is reproduced from reference38   
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2.3	  Summary	  of	  Chapter	  2	  
 
The synthetic part of this project saw the development of ten different receptors; which ranged 
in their structural conformations, the employed binding motifs and the identity of the metals. It 
was hoped that each design would complement a different anionic species, or at least display a 
range of affinities towards the different anions. A number of the receptors that were developed 
had previously been utilised for the binding of phosphate species, hence they were included with 
the knowledge that they would preferentially bind to some of the anions. For example, the design 
of 30 was very similar to a pre-existing receptor that showed high affinity towards adenosine 
phosphates. The receptors were not developed to be specific to a particular anion, but rather 
bind to numerous anions with slightly different affinities.  
 
Four of the receptors developed for the array are new (25, 35, 49 and 53). An additional two new 
compounds were synthesised (39 & 45) but due to the unexpected deboronation that occurred 
(removing a key binding motif), further studies with these complexes were not conducted.  
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Chapter 3:  
Molecular Recognition 
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3.	  Molecular	  Recognition	  	  
 
The aim of this research was to develop a method for identifying a number of different anions 
and pattern recognition was deemed the best approach to do this. A family of receptors were 
developed (Chapter II) that differed in the binding motifs that they employed and the size of the 
spacer between them. This family of receptors (termed an array) was then taken forward to 
develop the pattern recognition results and this chapter focuses on the development of these 
results and their subsequent analysis through multivariate analysis.    
 3.1	  Pattern	  Recognition	  	  
 
As discussed in chapter one, the development of highly selective receptors is often synthetically 
challenging and for this reason there has been much interest towards the use of pattern 
recognition as a discrimination tool.72,71 A number of different analytical methods can be used in 
conjunction with pattern recognition as a means of differentiation. To this aim, this project 
focuses on the use of IDAs.71,98,99  
 
IDAs employ indicators that bind to receptors through reversible covalent or non-covalent 
interactions.87 The addition of an anion to a receptor:indicator (R:I) combination will induce a 
certain amount of displacement of the dye (indicator), which is directly correlated to the affinity 
of the receptor to the anion. Through the employment of suitable dyes this activity can be 
monitored by UV-Vis spectroscopy, as different spectroscopic shifts are observed for the dye in 
its free and bound state. The combined colourimetric response (measured by UV-Vis 
spectroscopy) of an array of receptors bound to a range of different dyes for the analysis of one 
anion, will yield a unique fingerprint specific to that particular anion, as illustrated in Figure 21.  
 
The use of a series of different receptors should ensure the development of a unique fingerprint 
for each anion. Although the receptors employed do not need to be specific for a given analyte, 
some selectivity towards the target anions should exist. With the target anions in mind, ten 
receptors were developed for use within the array, as discussed in Chapter two. Another means 
of adding diversity to the array is the nature of the dyes (see next section for a discussion of 
those employed in this project).  
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3.2	  Selection	  of	  Dyes	  	  
 
There are many commercially available dyes and the structure, type and number of functional 
groups present on the dye determines the affinity a receptor will display towards it. They impart 
greater diversity upon the array as each of the receptors will display different affinities towards 
the same dye. This is illustrated in Tables 5 and 7 (see Chapter 4), where the affinities of the 
receptors (developed in this project) towards PV are shown. The affinities of the receptors 
towards other dyes (namely Alizarin red, Gallocyanine, Dithizone, Zincon, Murexide, Bromo 
Pyrogallol red) were not predetermined, but as each dye is structurally different it was presumed 
that their affinities towards the receptors would differ. Having a range a dyes that bind to the 
same receptor but with affinities spanning different orders of magnitude, enables the distinction 
between different anions in a ‘knock out’ approach. Thus, if an anion has a very large affinity 
towards a particular receptor it may displace all the bound dyes, whereas another may only 
displace one.  
 
It is important that the dyes incorporated within the array are complementary to the receptors. It 
is equally important that all the combinations are screened beforehand to remove any that result 
in precipitation, since in such cases UV-Vis spectroscopy cannot be used to monitor changes in 
the system. In addition each R:I combination should respond differently to at least one of the 
anions under study, in order to justify its employment within the array. As it was unknown how 
the receptors would interact with the dyes and thus how many combinations would need to be 
removed, a significant number were tested.   
 
3.2.1	  Indicator	  Type	  	  
 
Eight of the receptors used within the array contained metals coordinated to dipicolylamine 
groups; therefore complexometric dyes were an obvious choice as they readily form host-guest 
complexes in the presence of metal ions.  Morgan et al described the use of ten complexometric 
dyes in the development of a displacement assay for pyrophosphate.3 The receptor used within 
this assay contained two bis(Zn(II)-dipicolyamine) motifs, thus demonstrating the ability of these 
dyes to coordinate to complexed divalent metals. Seven of the dyes used within Morgan’s assay 
were selected for use within our array.  
The remaining two receptors were both square planar platinum(II) complexes (49 & 53), where 
the metal centre was expected to play mainly a structural role – rather than recognition via 
complexation. The binding motifs in these receptors are the boronic acid and the urea groups. 
Alizarin red is known to bind to boronic acids through the vicinal hydroxyl groups, in addition 
this dye also falls under the umbrella of ‘complexometric dyes’ and therefore should theoretically 
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be able to bind to all receptors to a certain degree.100 Four of the other six dyes also contain diols 
and although they have not been widely used as indicators with receptors containing boronic 
acids, they would be expected to form boronic esters in the same manner as alizarin red.  
The mechanism by which the dyes bind to the receptors differs between them, giving rise to the 
diversity of the R:I affinities. The mode of binding for each of the dyes will now be discussed. 
 	  
3.2.2	  Binding	  mode	  of	  the	  dyes	  	  
 
Each of the dyes proposed binding mode is illustrated in the following section, where in most 
cases ‘M’ represents a divalent metal cation – e.g. zinc(II) (unless otherwise stated). These 
complexometric dyes have been extensively used for the binding of free metals and hence their 
binding mechanism is well documented. On the other hand, there is not as much information 
regarding the binding mode of the dyes with metal complexes (rather than free cations). 
However, since the metal-DPA motifs still have up to two coordination sites available, the 
interaction of the dye to the metal complex is likely to have a similar binding mode than with the 
free cation.101 
 
Those receptors that possess boronic acids are expected to bind to the dyes containing catechol 
yielding the corresponding boronic ester. As per the urea groups, they are well known to display 
hydrogen bonding interactions with anionic species or neutral electronegative species.  
 
Pyrocatechol Violet (PV) – There are two recognised catechol binding sites for this dye when it is 
binding to a free metal as illustrated in Scheme 12-A. However, it is known that dinuclear Zn(II) 
complexes bind to PV through one catechol to form a phenoxo-bridged binuclear metal complex 
(B). 102,49 Hence, the binding stoichiometries to this dye could be 1:1 or 1:2 depending on steric 
factors. At neutral pH’s the transformation of PV from its free to bound state is accompanied by 
a spectral shift from 443 to 600 nm (yellow to blue).  
 
 
Scheme 12: Illustration of the binding of PV to the free metal cation (A), and a binuclear metal complex (B).   
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Alizarin Red (AZ) – This dye possesses a catechol and has been previously reported to bind to a 
mono-nuclear zinc(II) complex as illustrated in Scheme 13.57 The dye is also known to bind well 
to boronic acids through this catechol moiety, and as such has been employed in IDAs for the 
recognition of boronic acid related species.57,100 The induced UV-Vis spectral shift on 
complexation of this dye is not very large (516 – 541 nm), hence it is more commonly used as a 
fluorescent indicator as it is more sensitive by this means.  
 
 
Scheme 13: Illustration of the binding of AZ with a mononuclear metal complex.   
 
Gallocyanine (GC) – This dye has two known binding sites, which are illustrated in Scheme 14 
and would thus be expected to bind in a 1:1 or 1:2 ratio. However, Douglas et al reported the 
existence of more complex mixtures on UV-Vis spectroscopic analysis of this dye with a divalent 
cation.103 Although the third site has not been identified, the ability of this receptor to form more 
complex mixtures should be noted. The dye also has potential to hydrogen bond through its 
carboxylic or hydroxyl site; therefore it could be a useful indicator with those receptors that lack 
the zinc-DPA motif. The binding of GC induces a spectroscopic shift to from blue to purple. 
 
 
Scheme 14: Illustration of the binding of GC to two free metal cations at the two known binding sites 
Dithizone (DT) – This dye has been readily used for the binding of numerous divalent metals in 
a bidentate fashion through the nitrogen and sulfur. In the presence of free metals an N, S 
chelate ring can then be formed as illustrated by structure A in Scheme 15.104,105 For complexed 
metals it is assumed that a simple 1:1 complex would form species (B) in Scheme 4. 
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Scheme 15: Illustration of the binding of DT a complexed metal (A), and to a free metal cation (B).   
Zincon (ZC) – This dye has been used extensively for the detection of divalent metals and its 
binding mode is shown in Scheme 16 (form A).106 It is proposed that complexed metals could 
bind in a fashion similar to form B, however there are numerous sites of possible interaction thus 
the binding to this dye could yield more complex structures. For those receptors that lack the 
DPA motif, hydrogen bonding will undoubtedly be employed upon interaction with the urea 
groups.  
   
 
Scheme 16: Illustration of the binding of ZC to a free metal cation (A) and the proposed binding for a 
complexed metal (B).  
 
Murexide (MX)- This dye is reported to bind to free metals in a tridentate (O-N-O) fashion, in a 
1:1 ratio (Scheme 17 -form A).107 This tri-dentate coordination is unlikely to be displayed 
between the dye and the metal complexes, thus it is suspected that partial complexion would 
occur in an O-O fashion (form B). In such cases the dye would act as a bidentate ligand and 
would likely bind in a 1:1 ratio.  
 
 
Scheme 17: Illustration of the binding of MX to a free metal cation (A), and the proposed binding for a 
complexed metal (B). 
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Bromo Pyrogallol Red (BPR) – Two structural isomers of this compound have been reported 
and they differ in the number of catechol groups present (either one or two).3,108 However, the 
most commonly reported form that is employed for metal complex formation is illustrated in 
Scheme 18. Thus it is expected that the DPA-receptors would bind in this fashion.108,109 Those 
receptors that contain boronic acids should be able to form the corresponding boronic ester. 
Binding of this dye induces a spectroscopic shift to longer wavelengths resulting in a purple to 
blue colour change.  
 
 
Scheme 18: Illustration of the binding of BPR to a complexed metal. 
The receptors will have different KA values towards each dye (even if the binding mode is the 
same) due to differences in their steric and electronic properties.1 This point has led to the 
success of IDAs as the systems are equilibrium-based and the extent of displacement is 
dependent upon the dissociation constant of the indicator (KDI). The KDI must be greater than 
the dissociation constant of the anion (KDI > KDA) in order for the dye to be displaced. Hence 
having a receptor that possesses different affinities towards a range of dyes allows for the 
development of a ‘hierarchical displacement assay’ (see below). Where those anions that have a 
large affinity towards a particular receptor could displace all the dyes, and those with low affinity 
may only displace one.3  
 
Many R:I binding stoichiometries are complex, which presents a problem in traditional IDAs. 
However, pattern recognition is able to utilise this complexity allowing for the use of all R:I 
ratios.87 The spectroscopic properties of the dyes, and their observed binding stoichiometries 
with the receptors will now be discussed.  
 
3.2.3	  Receptor:Indicator	  Stoichiometry	  	  
 
Once the dyes had been selected, the next step was to establish the binding stoichiometries 
between the receptors and the different dyes. As the dyes were colourimetric, complexation to a 
receptor induced a colour change. In some cases this change is quite pronounced enabling naked 
eye distinction between the free and bound states, while in others the change is subtler so 
spectroscopic means needed to be used. The observed shifts of the dyes upon complexation to 
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25 are detailed in Table 2, these were comparable to literature and were used as the standard free 
and bound λmax values of the dyes in combination with the majority of the receptors.3 The only 
deviations were found were with respect to MX and AZ with the copper(II) complexes, which 
had slightly different λmax depending on the receptor bound. 
 
 
Table 2: Table detailing the wavelengths (along with a visual representation) of the free and bound states of 
the dyes tested against receptor 25 in 100 μM HEPES buffer at room temperature for the pattern recognition 
assay. 
Indicator 
                             UV absorbance 
 λ free (nm) Visual λ bound (nm) Visual Δλ (nm) 
PV 443 
 
635 
 
192 
GC 621 
 
563 
 
58 
AZ 516 
 
541 
 
25 
DT 471 
 
487 
 
16 
ZC 467 
 
563 
 
96 
MX 520 
 
480 
 
40 
BPR 554 
 
578 
 
24 
 
  
PV experiences the largest induced shift of 192 nm enabling the displacement assay to be 
monitored by the naked eye, which explains its extensive use in IDAs for anion recognition.110 
Another reason for its popularity is its ability to form 1:1 complexes with several receptors, 
which are mathematically simpler to decipher when using IDAs to determine binding constants. 
87 No algorithm currently exists that enables the analysis of complexes greater than 2:1 by IDAs.  
As briefly mentioned, an advantage of using pattern recognition is that the assay is not limited by 
the binding stoichiometry. In fact, it is suspected that the more complex the receptor-indicator 
ratios the more potential information that can be withdrawn from assay.87 For example, a 
receptor may bind to a dye in a 1:3 ratio and the addition of a particular anion may displace all 
three dyes, whereas the addition of another anion may only displace one. Hence, complex 
mixtures offer a wider range of possible outcomes.  
 
Although pattern recognition is not limited in the R:I stoichiometries that it can employ, the 
binding ratios still needed to be determined to establish the best receptor:dye ratio to be used. A 
common method for determining the binding stoichiometry between two species is via the 
method of continuous variation (also known as a Job’s plot). This involves the titration of one 
species to another, where the concentration of both species remains the same but the molar 
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fraction is varied. A parameter that is proportional to the complex formation, which in this case 
was the UV/Vis spectrum λmax, is monitored and the absorbance at that particular wavelength is 
plotted against the molar fraction. The point at maximum or minimum absorbance corresponds 
to the binding stoichiometry. For example as illustrated in Figure 55, a 0.63 molar fraction was 
obtained for receptor 35 with MX, which corresponds to a 1:2 binding stoichiometry, as the 
maximum (equating to maximum number of complexes that can be formed) is reached when the 
solution contains a 1:2 mix of both species.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 55: Job plot of receptor 35 with MX in HEPES buffer (100 μM). The x–axis details the molar fraction 
of the receptor and the y-axis details the absorbance at 480 nm, relating to the indicator in its bound state. 
 
The results of the job plots for each R:I combinations are expressed in Table 3, all of the 
graphical jobs plot can be found in the Appendix 2.   
 
Table 3: Receptor:Indicator (I:R) binding stoichiometry 
Receptors 
Ratio (R:I) 
PV GC AZ DT ZC MX BPR 
25 1:2 1:3 1:3 1:3 1:3 1:3 1:3 
26 1:2 1:3 1:3 - 1:3 - 1:3 
28 1:1 1:3 - - 1:2 1:1 1:2 
31 1:1 1:2 - - 1:2 1:1 - 
35 1:2 1:3 1:3 1:2 1:2 1:2 1:2 
36 1:2 1:3 - - 1:2 1:2 1:2 
38 1:1 1:3 1:3 1:3 1:3 1:2 - 
49 - - - - - - - 
53 - - - - - - - 
0.63	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 3.3	  Analysis	  Methods	  and	  Data	  Screening	  	  
 
Once the binding stoichiometries had been determined a method for the analysis of the array 
needed to be decided upon. Pattern based recognition has received much attention over the past 
decade and with this has come a number of proposed methods for data collection. The first 
method that was developed used a USB flatbed scanner to monitor the colourimetric change and 
this is still a popular approach.75 A common alternative, and the one that was adopted for this 
research, is the use of UV-Vis spectroscopy. The suggested benefit of using a scanner is that it is 
not as easily affected by precipitation that can occur in IDA experiments.61 However, it is not as 
sensitive as UV-Vis spectroscopy and requires the purchase of additional software and 
instrumentation, whereas a spectrometer is present within the vast majority of laboratories and 
hence could be more easily implemented as an array system across the board. The possible issue 
of precipitation affecting the UV-Vis response can be easily overcome by pre-screening the 
combinations to remove those that do not remain homogenous.   	  
3.3.1	  Data	  screening	  of	  the	  R:I	  combinations	  
 
Nine different receptors and seven dyes were tested for use within the array. From this initial 
test, it was found that not all of the combinations produced a positive response – namely, in 
some cases no observed binding of the dye to the receptor was observed or the R:I combination 
led to precipitation. Since these combinations would be futile within the array, they were 
discarded. More details of the combinations that did not yield positive responses are discussed 
below (see Table 3 as well – those entries without a number, correspond to combinations that 
were discarded).   
 
Platinum	  complexes	  	  
 
Neither of the two platinum complexes 49 or 53 gave a positive response with any of the dyes 
investigated.  Although it was not expected that these receptors would interact with the dyes via 
the metals (the platinum centres are coordinatively saturated in these complexes), it was hoped 
that the boronic acid groups present in 49 and 53 would interact with the diols present in several 
of the dyes. Unfortunately this does not seem to be the case – or if there is an interaction this 
does not bring about a colour change of the dye. The lack of response suggested that the assay 
conditions were not optimal for the formation of the boronic ester, with the corresponding 
boronic acid present in its planar (sp2) conformation.110 In a number of publications a methanolic 
environment was needed in order to observe any binding.57,110 An attempt at adjusting the 
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solvent system was made but to no avail. It was also reported that AZ’s fluorescence was more 
sensitive to the binding interactions. However, both receptors quenched the fluorescence of the 
dye prohibiting the study of the dyes fluorescence to monitor the interactions.  	  
Dithizone	  	  
 
The second point from Table 3 is that DT only displayed a spectroscopic response with those 
receptors that contained zinc. On coordination with the copper complexes the colourimetric 
response diminished which is illustrated in Figure 56. DT is known to bind zinc(II) through the 
sulfur and the nitrogen whilst in a monobasic state (Scheme 19). It was assumed that the dye 
would interact with the copper(II) complexes in the same manner, but as it can be clearly seen 
from Figure 3, the binding induced a different spectroscopic response.   
 
 
 
 
 
 
 
 
 
 
 
 
Breitner et al104 reported the existence of a di-deprotonated DT (a form which has found no real 
application in spectroscopic analysis) on coordination with some metals, including copper(II) 
(Scheme 19). Thus explaining the inability to obtain a satisfactory Job plot with its related 
complexes.105  
 
                                                   Mn+ + 2HDT  è M(HDT)2(n-2)+ 
                                                     Mn+ + DT-2   è M(DT)(n/2) 
 
 
Although this dye could still have been used in conjunction with the zinc-based receptors, its 
insolubility in HEPES buffer (pH 7) required the use of DMSO as a solvating agent (5%) and 
Figure 56: The spectroscopic response of dithizone with titration of receptor 31 
Scheme 19: Formation of primary and secondary structures 
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sonication (10 minutes). The intensity of absorbance in the UV-Vis spectrum was also low in 
comparison to the other dyes; therefore DT was omitted from the array.  
 
No R:I combination resulted in precipitation, so the remaining receptor:dye combinations were 
taken forward for testing with the anions.  	  
3.3.2	  Selection	  of	  Anions	  	  	  
 
As discussed in Chapter 1 the array should not only differentiate between different 
phosphatidylinositol phosphates but also other phosphate-containing species such as ADP and 
ATP. The testing of sulfate was also desired in order to establish whether the array could 
distinguish between this anion and phosphate, which is of great interest. Ideally, all 
phosphatidylinositol phosphates should have been tested, however due to their expense this was 
not economically feasible, thus only PIP2 and PIP3 were investigated to obtain proof of principle. 
Thus seven anions were chosen to test on the array and these are listed below in protonation 
state that they exist in at pH 7.4: 
 
• ADP2- 
• ATP3- 
• Phosphate (HPO42-, H2PO4-) 
• Pyrophosphate (H2P2O72-) 
• Sulfate (SO42-) 
• PIP22- 
• PIP33- 
 
Initially the response of the array was investigated by the addition of one equivalent (anion: 
receptor) of the listed anions. In later studies 2 equivalents of some of the anions (not PIP2 or 
PIP3 due to their high cost) were added to test the arrays ability to distinguish between different 
concentrations. Complex mixtures of the anions were also tested on the array, but before any of 
these tests could be conducted the compatibility of the different anions with the array needed to 
be established.  	  
3.3.3	  Data	  Screening	  of	  R:I:Anion	  Combinations	  	  
 
In order to justify the presence of a particular R:I combination, it must be able to discriminate 
between at least one of the anions. Indiscriminative results arise when the Ka for a particular R:I 
combination is too high or too low. Hence, all of the anions will induce the same response 
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through either an inability to displace any of the dye or its easy displacement. Such responses are 
not only non-beneficial, but they can actually be detrimental towards to development of 
successful fingerprints. Hence a further data pre-selection step was needed to remove any R:I 
combinations that were non discriminative or compatible with the array.  The results of the 
analysis are summarised below: 
 
-­‐ Bromo Pyrogallol red combinations were removed due to occurrence of precipitation on 
the addition of various anions 
-­‐ Alizarin Red combinations were removed due to occurrence of precipitation on the 
addition of various anions 
 
These points could have potentially been rectified through pH refinement or adjustment of the 
R:I ratios. But, twenty-eight positive combinations were found, which allowed for a visual 
distinction between the anions, as illustrated in Figure 57. The image shows a comparison 
between the array after the addition of 1 equivalent PIP2 against the array after the addition of 1 
equivalent PIP3. The most significant changes are indicated with a red dot on the upper left 
corner of the well and from this a distinct pattern for PIP2 and PIP3 can clearly be identified. A 
visual indication is however not as sensitive as spectroscopic analysis, which can detect small 
perturbations that are not visually noticeable. Since the data that would be carried forward would 
be subjected to further manipulation, it was assumed that the dataset was comprehensive enough 
for its application in pattern recognition.  
  
  
 
 
Figure 57: Image of two of the array before the addition of the anions (middle) and after addition of 1 
equivalent of PIP2 (right) and PIP3 (left). The red dot symbolises those R:I combinations where visual 
displacement can clearly be seen. The numbers on top of the picture correspond to the receptor used within 
its corresponding column and the dye used with each row is indicated on the left.  
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After removal of all the uncomplementary R:I mixtures, those combinations that would be used 
to form the fingerprint responses are outlined below:  
 
         Receptors: 25, 26, 28, 31, 35, 36 and 38                Indicators: PV, MX, ZC, GC 
 
 
3.3.4	  Size	  of	  the	  Data	  Set	  
 
The UV-Vis absorbance from 390 to 800 nm were obtained for each receptor:indicator:anion 
(R:I:A) combination, with a reading every 5 nm. 28 R:I combinations were to be used within the 
array and the combined response of each R:I towards a particular anion equated to its unique 
‘fingerprint’.  
 
Each R:I combination contains 82 data points; hence 2296 points would represent each anion. As 
seven anions were tested with the array, the total size of the dataset at this stage was 16072. Not 
all of the data points however were meaningful and since the inclusion of unmeaningful data can 
hinder the computational analysis, those data points that were known to provide no distinctive 
information were removed from the data set. This led to the removal of those values outside of 
the 440-700 nm range, giving rise to a data set of 10192 equating to 1456 data points per anion. 
In addition to different anions being tested, triplicates of all the anionic responses were 
performed in order to test the arrays reproducibility, meaning the final size of dataset 1 was 
30576. This dataset was then taken forward and analysed by a number of methods, namely: 
cluster analysis, principle component analysis and neural networks.  
 
For simplistic ease, henceforth the term ‘fingerprint’ refers to all absorbance data points used to 
classify a single anion and the term ‘dataset’ refers to the fingerprints of all the tested anions.  
Three datasets were developed in this research and they are numbered in chronological order.  
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3.4	  Cluster	  Analysis	  	  	  
 
Due to the high dispersion of the data collected from the array, classification methods are 
required to allow a visual indication of how the different anions are related (in terms of their 
colourimetric response). Hierarchical cluster analysis (HCA) is one such methodology that has 
been commonly used to analyse multivariate data. There are many different forms of cluster 
analysis as discussed in Chapter 1, but HCA is the most commonly used and was hence 
employed within this research. 61,62  
 
The subsequent sections will often refer to the term ‘distance’, as the concept of distance 
between two variables is a fundamental point in multivariate analysis. 111 Within this research, the 
distance refers to the difference in the absorbance values between the different fingerprints. 
 	  
3.4.1	  Hierarchical	  Clustering	  	  
 
HCA is based on the grouping of analyte vectors according to their spatial distances in their full 
vector space.112 Each fingerprint is therefore compared to the rest, and classified using a distance 
measure. There are numerous algorithms available to quantify the distance in multivariate 
analysis; a discussion of all the algorithms available is beyond the scope of this research, but a 
review can be found within the Matlab documentation.113 It is however important to know that 
the measure employed can greatly affect the result of the clustering as it adjusts the emphasis 
associated to certain data points (the R:I absorbance’s at a particular wavelength in this case). The 
Euclidean distance is the most commonly used measure and was thus the algorithm adopted 
within this research. Of all distance measures, it is the one reported to coincide the most with the 
basic physical idea of distance, but generalised to multidimensional points.111  
 
As well as defining how to measure the distance (by the algorithm employed), we can also dictate 
how to classify the distance. For example we could categorise the anions according to those that 
are closest in vector space (nearest neighbour) or those that are furthest apart (furthest 
neighbour). The nearest neighbour approach was adopted within this study as it produces 
clusters that are sparser. This is beneficial for this research as a number of anions were to be 
included within the cluster.  
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3.4.2	  Nearest	  Neighbour	  with	  Euclidean	  Distance	  	  	  
 
The nearest neighbour is a single linkage agglomerative hierarchical method, whereby the 
distance between each fingerprint is measured and translated into a dissimilarity value. Those 
fingerprints that display the smallest dissimilarity are initially grouped together in what is termed 
a ‘node’ (indicated by a connecting point in Figure 58). The grouping continues in a hierarchical 
fashion (incremental dissimilarity) until all components are connected through a node/nodes. 
The combined result is most easily represented in a dendrogram as shown in Figure 58 (the 
corresponding dissimilarity matrix to Figure 58 can be found in Appendix 3). 
 
 
Nearest neighbour
Euclidean
ADP
ADP
ADP
PPi
PPi
PPi
ATP
ATP
ATP
PIP2
PIP2
PIP2
PIP3
PIP3
PIP3
Pi
Pi
Pi
Si
Si
Si
7.2 6 4.8 3.6 2.4 1.2 0
 
 
Seven natural cluster divisions can be derived from Figure 58, where each cluster division 
corresponds to the triplicates associated to one anion. The number of natural divisions is 
determined by comparing the height (Euclidean distance) of each link in a cluster tree with the 
height of neighbouring links in the tree. If a link is approximately the same height as its 
neighbour then this indicates that there is a high level of consistency between them. For example, 
all of the anionic repeats are essentially the same height, indicating that these responses show a 
high level of consistency towards each other. But if there is a noticeable difference in the height, 
like that between ADP and PPi, then these links are inconsistent – indicating a cluster division.  
 
 
Figure 58: Nearest neighbour dendrogram illustrating the clustering of the data set using the Euclidean 
distance. Pi corresponds to HPO42- and Si corresponds to SO42- 
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As HCA is independent to any preconceived model (unlike other clustering methods) and thus 
makes no assumptions with regards to grouping of the compounds; the logical grouping 
(structural similarity of anions see below for explanation) and differentiation of all of the anionic 
species (even those that are known to be difficult to differentiate between e.g. ADP and PPi) by 
the array is a great success. 61  
 
Structural similarity can be used to explain the majority of the clustering, for example phosphate 
and sulfate are grouped, these anions both have tetrahedral geometries and the binding of these 
species occurs through their oxygen atoms. There are many publications that are focused around 
the difficulties of differentiating between these two anions, and thus it was expected that these 
anions would behave similarly in the IDAs. The array was however able to successfully 
differentiate between these anionic species, indicating the power of the array and the subsequent 
multivariate analysis. PPi and ADP are also structurally similar, as the later contains a 
diphosphate that is of similar geometry to PPi. The PIPs are the only tested species where the 
phosphates are independently bound to an inositol backbone, hence one would expect the 
binding of these to be similar. ATP was grouped independently, but showed the greatest 
similarity to the PIPs, which is probably due to their similar polarities as well as their larger size.  
 
Although this clustering method successfully characterised all of the anions, a potential issue with 
regards to this method is that outliers have a significant impact on the clustering. Hence, smaller 
perturbations can be overlooked when being compared to a larger response. For example if one 
anion fully displaces one dye, and the rest (bar one that partially displaces) do not, the effect that 
the partial displacement would have on the array would be dampened by its comparison to the 
full displacement. However in IDAs such responses can be extremely valuable, hence HCA was 
again applied to the data, but this time employing a standardised Euclidean distance measure.   
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3.4.3	  Nearest	  Neighbour	  with	  Standardised	  Euclidean	  Distance	  	  	  
 
 
The standardised Euclidean distance differs from the Euclidean distance by transforming each 
variable so they all have the same variance, and centring them.  This transformation is most easily 
described using the following equation: 
 
                                    
 
To determine whether standardising the distance measure would have an impact on the 
clustering, a standardised Euclidean distance measure was utilised for the nearest neighbour 
HCA, the results of which can be seen in Figure 59. 
 
 
Nearest neighbour
Standardized Euclidean
ADP
ADP
ADP
PPi
PPi
PPi
Pi
Pi
Pi
Si
Si
Si
PIP2
PIP2
PIP2
PIP3
PIP3
PIP3
ATP
ATP
ATP
48 40 32 24 16 8 0
 
 
Although the pattern produced via this clustering method is slightly different, all of the anions 
have again been successfully classified and with the same relationship, except ATP, which was 
shown to be the least correlated of all the anions. One can assume that the cause of this 
rearrangement is due to this anion inducing a number of small differing responses that deviate 
from the mean. ATP was the only organic triphosphate that possessed two bridging oxygen 
atoms in the array, its structure is larger and it is more polar than its closely related ADP, so its 
Figure 59: Nearest neighbour dendrogram illustrating the clustering of the data set using standardised 
Euclidean distance. Pi corresponds to HPO42- and Si corresponds to SO42- 
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lack of clustering with this anion was justified. It had previously been clustered with the PIPs, 
which was explained through their closer range in polarity and larger structure. However, ATP is 
significantly structurally different to the PIPs and hence its lack of consistency (in terms of its 
UV-Vis response) with any of the other anions is justifiable.   
 
The standardised form is perhaps a better distance measure for this data set, as the grouping 
reflects the physical properties of the anionic species to a greater extent. However both clustering 
methods gave the same number of cluster divisions and the components within each cluster were 
the same, hence the end results are consistent.  
 
It is clear from the clustering results that the R:I combinations behave differently towards the 
anions and thus successful fingerprints were derived. We cannot however, establish which R:I 
combinations were contributing to the successful differentiation of the anions by the use of a 
simple dendrogram. For this reason a heat map was developed, which allows for the direct 
comparison of each point within the fingerprint.  
 
3.4.4	  Nearest	  Neighbour	  Cluster	  Heat	  Map	  	  	  	  
 
A cluster heat map is a rectangular tiling of a data matrix (where each ‘tile’ corresponds to an 
R:I:A absorbance at a particular wavelength), with cluster trees appended to its margins. It 
enables the easy graphical representation of the statistical model developed through clustering. 114  	  
Heat	  Map	  Methodology	  	  	  	  
 
The cluster heat maps were developed in Matlab (the coding of which is provided in the 
appendix), using HCA with an Euclidean distance measure. The rectangular heat map developed 
for this research has the fingerprint of each anion along the x-axis, which corresponds to all the 
R:I:A absorbance’s at each wavelength ordered according to their associated dendrogram. The y-
axis illustrates the dendrogram (developed by the dissimilarity matrix) relating the fingerprints of 
the tested anions. The colourimetric scale (red to green) highlights the boundaries of the 
variance, where black corresponds to the mean value of all the data points, bright red the 
maximum absorbance values and bright green the minimum absorbance values. The absorbance 
values were auto-scaled between -3 and 3, where zero reflected the mean value. The results from 
the heat map analysis illustrated within this section, only contain one repeat of each anion, as this 
dramatically reduced the number of entities (from 21 fingerprints to 7 fingerprints); enabling a 
better visualisation of the differences observed between each anion.  
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Heat	  Map	  Results	  	  
 
Figure 60 presents a visual model of the similarities and dissimilarities between the anions, thus 
enabling an understanding of the clustering in terms of spectroscopic response. The dendrogram 
on the x-axis shows that those R:I:A wavelengths where little absorbance was observed 
(identified by a green tile) were the most correlated, and those where the greatest absorbance was 
detected were the least correlated. This was expected, as the greatest differences should arise 
around the λmax wavelength values, which shift and differ in magnitude depending on the amount 
of displacement induced by an anion. A significant proportion of the heat map however (left 
hand third) is green, indicating that a proportion of the R:I:A wavelengths included within the 
data set were not very discriminatory and hence meaningless. However, removing these values 
would have been an extensive and futile exercise since the system could already correctly identify 
between the different anions. But, it suggests that further data screening may be needed if more 
anions are to be added to the array.  
 
In addition, from this figure it appears that HPO42- and SO42- have a great number of ‘red tiles’ in 
comparison to the other anions. This is likely due to the fact that upon addition of these anions 
partial displacement occurred more frequently. Hence, two UV-Vis active species would be 
present (the free and bound dye) and thus two λmax values would be observed – increasing the 
number of wavelengths that would see a larger absorbance. This is supported by the fact that a 
significant number of the ‘red tiles’ are darker than those seen by PPi for example, indicating a 
lower absorbance value.    
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The fingerprints allows for the identification of those R:I combinations that help distinguish 
between the different anions, as the R:I:A combinations that induce the greatest amount of 
diversity can be visually identified. Unfortunately, due to the extensive number of R:I:A variables, 
they could not be marked on the x-axis of this heatmap. However, any node from the x-axis 
could be expanded to analyse the R:I:A combinations contributing towards it, as illustrated in 
Figure 61.  
 
Even from this ‘snapshot’ of the heatmap, a distinction can be made between all of the anions. It 
is interesting to note that all the R:I:A combinations within Figure 61 correspond to the response 
of a zinc based receptor bound to GC upon the addition of the anions. This further illustrates 
how changing the metal is a great method for introducing diversity into the array, as the 
copper(II) complexes were clearly less correlated.  
 
The absorbance values shown in Figure 61 are around the 540 nm range, which is close to the 
λmax of the dye in its free state. PPi and ADP show low absorbance values within this range 
suggesting the fact that these anions fully displaced the dye whereas the other anions did not. 
However, from a visual inspection (Figure 57) displacement of GC could be seen upon the 
addition of one equivalent of PIP2 and PIP3, suggesting that these anions probably induced a 
partial displacement. As the R:I combinations with GC were either 1:2 or 1:3, one could assume 
that PPi and ADP were perhaps displacing all of the bound indicators, whereas the PIP2 and 
PIP3 may have only displaced one or two. These solutions are complex, and although they can 
provide extensive amount of information, in order to understand the equilibrium state present, 
further study of these combinations would be required. Hence the heatmap can indicate which 
Figure 60: Heat map produced from HCA of dataset1. Pi corresponds to HPO42- and Si corresponds to SO42- 
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combinations are discriminatory, but further experiments are required in order to understand the 
extent of displacement.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Due to the size of the data set, a detailed analysis of the contribution of each R:I:A  combination 
(like that described for Figure 61) was not conducted. But it is useful to know that such analysis 
can be conducted if required as the heatmap can also provide information on improving the data 
analysis. For example one can determine the areas of greatest similarity and remove these from 
the data set. Although areas of great similarity were found within this dataset, it did not outweigh 
the dissimilarity and hence each anion could be correctly classified. Thus there was no need to 
improve the dataset.   
Figure 61: A selected view of the heatmap result from HCA of dataset1. Pi corresponds to HPO42- and Si 
corresponds to SO42- 
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3.4.5	  Summary	  of	  Clustering	  Results	  	  
 
HCA provides a method of characterising data without a predefined model. The results of this 
analysis are shown in Figures 58 & 59 and demonstrate the ability of the array to successfully 
distinguish between the seven different tested anions. The grouping of the anions reflects the 
structural and electrostatic/electronic similarities between the anionic species. For example both 
the mono tetrahedral anionic species were grouped together (phosphate and sulfate), as were PPi 
and ADP. The PIPs were also clustered together, which coincides with the similar orientation of 
their phosphates on the inositol backbone. When using the standardised Euclidean distance 
measure, ATP was the most uncorrelated of the tested anions; but was clustered with the PIPs 
when the Euclidean distance measure was used. This was the key difference between using the 
two distance measures and probably arose due a number smaller perturbations being induced by 
ATP, which were emphasised when using the standardised Euclidean distance measure. In each 
case however the same number of cluster divisions were found and the anionic species assigned 
to each cluster were the same. Hence both methods effectively represented the data.  
 
The results of the clustering analysis also give an insight into the affinity of the tested anions, as if 
one knows the affinity that a particular receptor has towards an anion X and it clusters closely 
with an unknown Y, one can then assume the affinity towards Y would be in a similar vicinity to 
that of X. This is a useful tool as the binding constants between the different receptors and the 
PIPs were not determined due to their high cost. However, due to their close clustering with 
ATP one can assume they share a similar affinity towards some of the receptors as displayed by 
ATP. Further analysis of the heatmap would allow for an assumption as to which receptors the 
PIPs share the affinity with.  
 
Despite the success of the cluster analysis, the array has only been tested on seven different 
anions. Each fingerprint is of a sizeable number (1273) putting the size of the data set on the 
borderline of being ‘large’.115 If more anions were to be added to the array, then HCA may no 
longer be a viable analysis method, due to its computational expense and its inaccuracy of dealing 
with larger matrices. In addition, it could be clearly seen from the heatmap that a large amount of 
meaningless data still persisted within the dataset. Hence, principle component analysis (PCA) 
was applied to the data as this system is capable of dealing with large matrices and discriminates 
between the anions based on the data points that display the greatest variance between the 
anions.  
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3.5	  Principle	  Component	  Analysis	  	  
 
In a simple xy matrix a conventional 2D graph effectively represents the full data, without any 
loss of intelligence. However, due to the size and the multivariate nature of the data produced by 
pattern recognition, computational analysis is required. HCA was initially adopted to distinguish 
between the different anionic responses and although the results were positive, the methodology 
is limited in the size of the dataset that it can handle. In addition, the HCA highlighted that the 
fingerprints contained a large amount of overlapping and redundant data, which can affect 
multivariate analysis. PCA was therefore employed to effectively reduce the dataset; the basic 
principles of PCA are discussed in the subsequent section.  
 	  
3.5.1	  Principle	  Component	  Analysis	  Methodology	  
 
PCA is a powerful, linear, supervised, pattern recognition technique. It is more powerful than 
HCA as it is able to take a matrix of any dimension and decompose it, by projecting it onto new 
coordinates.98 The new coordinates are termed ‘principle component axes’ and are derived from 
the eigenvectors from within the dataset that display the maximum variance. In this study, this 
refers to the absorbance values obtained for the different R:I:A combinations. Each principle 
component (PC) defines a percentage of the variance found within the dataset and these are 
hierarchically ordered so that PC1 reflects the greatest variance (defined by a percentage), 
followed by the next greatest PC2 – illustrated in Figure 62.98 The number of PCs found within a 
dataset is dependent upon the residual error (see below).  
 
 
 
 
 
 
 
 
The magnitude of a PC axis is defined by its eigenvalue – in this research this corresponds to the 
difference in absorbance (from the maximum value to the minimum) observed for one particular 
R:I:A combination at a certain wavelength.   
Figure 62: Cartoon illustration of the PCA process that fits the data to explain its maximum variance with 
minimum least amount of squares. Image reproduced from reference 117 
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There are a number of software packages that are able to perform PCA, however Matlab enables 
the user greater freedom over the algorithms that are used within the analysis.  Also Matlab is a 
software package that is commonly used within the scientific field and hence if the array were to 
be taken forward as an application, the users are likely to avoid having to purchase an additional 
software package. Hence all of the PCA analysis was conducted in Matlab, the coding for which 
can be found within the appendix.  
 
PCA involves a number of steps, the first step involves data pre-processing, of which there are a 
number of different types, but the most common method (and the one applied in this work) is 
termed ‘auto-scaling’. This centres the data by subtracting the respective mean from each point 
and then dividing it by its respective standard deviation.116 A covariance matrix is then 
developed, which quantifies the similarity between each data point, which allows for the 
determination of the eigenvectors. As mentioned the eigenvectors define the PCs of the dataset 
and each one defines a certain percentage of the variance within the dataset. The user is able to 
select two (or three) of these PCs to be defined as the new PC axes; typically the first 2-3 PCs are 
chosen as these define the greatest variance. A transformation algorithm is then used to project 
the data onto the new PCs axes using two matrices (see e1): a score matrix (T) which contains the 
co-ordinates of the anions on the new axis and a loadings matrix (P’) which defines the 
orientation of the principle component plane with respect to each variable (anion). The last 
factor in PCA is the residual error.  
 
                                                    X = TP’ + E 
 
Two plots can be generated from the PCA: a scores plot which is used for analysing the 
classification of the data clusters and a loads plot which can be used to give information on the 
contribution each variable has towards the scores plot.98   	  
3.5.2	  Principle	  Component	  Analysis	  Associated	  Error	  
 
It is important to understand that the performance of PCA can only be as good as the data 
supplied to it. This is because the system assumes the data has no associated error, hence the 
program is sensitive to outliers. This sensitivity has an important part in the programs ability to 
characterise multivariate data, which can possess overlapping redundant values.87 For example, if 
ATP was the only anion to induce a certain response in conjunction with a particular R:I 
combination, a maximum of 39 out of 1273 points would be affected (3.0% of the fingerprint). 
This may appear as an outlier and some programs would correct for this. However, PCA utilises 
these responses to differentiate between the data. Therefore it is essential that the fingerprints 
(e1) 
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give a true representation of the colourimetric response induced by the different anions (no 
anomalies within the data). For this reason data screening is necessary before performing PCA. 
The data was successfully screened previously (see Chapter 3.3.1). Due to the success of the 
results within HCA, no further screening was deemed necessary.  	  
3.5.3	  Score	  Plots	  of	  Dataset1	  	  
 
As mentioned the first step in PCA is the development of a covariance matrix, which enables the 
determination of the variance that each PC defines. As a rule of thumb, it is said that those PCs 
that account for 90% of the variance need to be graphically included to effectively represent the 
data. Hence, analysing the results of the covariance matrix enabled an understanding of how 
many PCs were required to effectively define dataset1.    
 
Table 4 shows the results from the covariance matrix produced for dataset1 and indicates that 3 
PCs axes are required to define 94.5 % of the variance. Although only 11 PCs are shown in this 
table, a significant number of additional PCs were found. However these were defining a minute 
variance (<0.07 %) and probably correlated to noise, hence they were disregarded and are 
therefore not shown in the table.  
 
Table 4: The percentage variance represented by each PC determined by the covariance matrix.  
PC 1 2 3 4 5 6 7 8 9 10 11 
Percentage 65.9 19.6 8.98 2.39 1.03 0.72 0.44 0.42 0.15 0.12 0.07 
Cum. 
Percentage 65.9 85.5 94.5 96.9 97.9 98.6 99.1 99.5 99.6 99.8 99.8 
 
Despite 3 PC axes being needed to effectively represent dataset 1, a 2D plot still remains the best 
method to visualise the data. Hence, 2D plots (see Figures 63 and 64) were generated and the full 
variance within the dataset was visualised by changing the PC axis.117  
 
A scores plot of dataset1 using PC1 and PC2 as the axes is shown in Figure 63.  Coloured 
clustering was applied to ease the identification of the different clusters observed within the data 
set.  
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Although the scores plot in Figure 63 only illustrates 85.5 % of the variance, the response to each 
anion can be clearly identified and all of the repeats are clustered together (i.e. the PIP3 triplicates 
are clustered together in blue). In addition a clear grouping of the anions can be seen and 
correlates with clustering observed in HCA (Figures 58 and 59). This demonstrates the ability of 
PCA to effectively reduce the dataset whilst maintaining the key variables that allow for the 
distinction between the different anions.  
 
Group 1: PIP3, PIP2, ATP   
Group 2: PPi, ADP 
Group 3: HPO42-, SO42- 
 
The PCA results highlight how the anions behave differently, which can be related to their 
spectroscopic response induced upon the array. For example one could assume that PC1 is a 
result of: PPi and ADP fully displacing a dye from one of the R:I combinations, since they have 
high PC values. PIP2, PIP3 and ATP have low PC1 values and hence one can assume that the 
induced no displacement upon this particular R:I combination. HPO42- and SO42- have values 
close to zero, suggesting a small amount of displacement was induced. For PC2, one would 
assume that all of the receptors induced some displacement apart from SO42- and HPO42-.  
 
 
 
PIP3	  x	  3	  
PIP2	  x	  3	  ATP	  x	  3	  
HPO42-­‐	  x	  3	  SO42-­‐	  x	  3	  
ADP	  x	  3	  
PPi	  x	  3	  
Figure 63: Scores plot of dataset1 using PC1 and PC2 
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To get a greater appreciation of the total variance present within the data set, PC1 was plotted 
against PC3, which accounted for 8.9 % of the variance. The resultant PCA graph is displayed in 
Figure 64 and the key difference that can be observed from employing PC3 is the independent 
grouping of ATP.  
 
 
 
 
 
 
 
 
 
 
 
 
 
This result corresponds with the dendrograms produced from HCA using the standardised 
distance measure, where ATP was shown as the least correlated to any of the other anions (see 
Figure 59). The re-ordering was justified through ATP inducing small variances on the array, 
which were not induced by any other anion. PC3 supports this claim as ATP shows a high 
eigenvalue for this PC indicating a high absorbance for this R:I combination, whereas the others 
have a low value, which indicating low absorbance.  
 
Although the results from Figure 64 only represent 74.9 % of the variance, each anionic response 
can still be clearly identified. The graph does however suggest that PC2 is key to giving a better 
representation of the PIPs, as without this PC the PIPs group closely with Pi and Si. It would be 
therefore interesting to determine which R:I combination is key to this PC. The method of 
determining this is through the development of a loading plot.  
ATP	  x	  3	  
HPO42-­‐	  x	  3	  SO42-­‐	  x	  3	  
PIP2	  x	  3	  PIP3	  x	  3	  
ADP	  x	  3	   PPI	  x	  3	  
Figure 64: Anionic responses plotted onto PCA PC1 and PC3 
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3.5.4	  The	  Loading	  plots	  of	  Dataset1	  	  
 
The R:I combinations that contribute towards each PCs can be determined through the use of a 
scores biplot, which displays all of the eigenvectors present within the data, overlaid onto the 
chosen principle component axis. A loads plot was generated using PC1 and PC2 as the chosen 
axes and the result is shown in Figure 65.  
 
 
 
 
 
 
 
 
 
 
 
 
However, as can be seen from Figure 65, a large number of eigenvectors existed within the 
dataset. This hindered the identification of those specific R:I combinations that equated to 
specific PCs.  
 
 
 
                             
Figure 65: Loads biplot for the dataset with PC1 and PC2 set as the axes.  
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3.5.5	  Summary	  of	  PCA	  Results	  	  
The covariance matrix (see Appendix 3) allowed for an appreciation of the variance expressed by 
each PC and demonstrated that 90% of the variance could be captured through the employment 
of three PCs. For ease of graphical representation, 2D score plots were generated and the results 
(Figures 63 and 64) illustrated that each of the anions could be successfully distinguished without 
the full variance of the dataset being expressed.  
 
In terms of the array, the greatest variance will be seen when one or more anion induces full 
displacement while others do not. For example, consider the λmax of the dye in its free state. A 
large absorbance will be observed in the cases where the anion has fully displaced the dye, but a 
low absorbance will be observed in those cases where the dye remains bound. Considering this, it 
is then apparent that PC1 corresponds to a spectroscopic response that is unique to PPi and 
ADP, which allows for the easy identification of these from the others. PC2 corresponds to a 
lack of response that is unique to HPO42- and SO42-, which allows for their easy distinction from 
the PIPs and ATP. PC3 corresponds to a spectroscopic response that is unique to ATP and thus 
allows for its easy distinction from the PIPs. Although the PCs represent the maximum variance 
observed between two anions, the end result allows for the distinction between all of the anions, 
as in each case the anions behave differently even if the difference is negligible in comparison the 
maximum difference. This is because each receptor has a different affinity to each of the anions, 
which is reflected in the UV-Vis spectroscopic response produced from the array. The grouping 
of the anions was logical and reflected the clusters observed in HCA and could be justified by the 
anions similar structural and electronic/electrostatic properties (see Chapter 3.4). This 
demonstrates the ability of PCA to reduce the data, but still effectively define each anion. In 
addition, the correct clustering of the three each anionic repeat supported the reproducibility of 
the array.    
 
Despite the success of PCA, this program is unable to predict the composition of an unknown 
substance. Although one could estimate the composition of an unknown by determining which 
anion it clusters with, this leaves great room for error. For example, if we consider dataset1 and a 
hypothetical 50:50 mixture of ATP and PIP3. If we were to plot the response of this hypothetical 
mixture onto dataset1, one would expect it to cluster closely with PIP2. Hence, if this mixture 
was an unknown one may wrongly assume that it was PIP2. This is because PCA focuses on the 
greatest variance, which means if two or more anions are present in the dataset that are greatly 
dissimilar, it can hinder the ability to distinguish between anions that are more closely related as 
the results can begin to overlap. Further to this, the PCA needs to be conducted in full each time 
a plot is required, which is computationally expensive. Hence, there was a move towards artificial 
neural networks.  
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3.6	  Artificial	  Neural	  Networks	  	  
 
Artificial neural networks (ANN) are heavily used in facial and fingerprint recognition 
technologies. They are a supervised mathematical process that transforms an m-variable input 
into and n-variable output. The transformation occurs through the use of multiple processing 
units, which are termed ‘neurons’.115 The systems are trained, which enables them to predict the 
composition of an unknown by the comparison to learnt controls.  
	  
3.6.1	  Neural	  Network	  Architecture	  	  
 
The architecture of the ANN refers to the number of neurons and layers used within the system 
and the type of transformations (sigmoidal or linear) that are employed. It is the main feature that 
introduces the flexibility to the system (in terms of its ability to learn and predict) and is defined 
by the user.115 The number of layers required depends on the size of the dataset, but typically one 
hidden layer is sufficient, which gives rise to three layers: input, hidden, output. This was the 
architecture adopted within this research and is illustrated in Figure 66.  
 
 
 
 
Figure 66 also illustrates the ANN process that is performed on the data. The Input represents 
each fingerprint, which constituted of 1273 R:I:A absorbance values. Each fingerprint was 
transferred to a hidden layer where a weighting and a bias were applied, the result was then 
passed onto the output layer, which transformed the data into a seven string binary result. The 
‘training’ occurs through an adjustment of the weights and biases. The weighting is adjusted 
according to the back propagation of errors (discussed below) and determines the steepness of 
the sigmoidal function that is applied. The bias shifts the scale of the sigmoidal function, as 
illustrated in Figure 67.  
Figure 66: A cartoon representation of the architecture of the neural network used on the data set. W= 
weighting and b = bias.  
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Figure 67: Illustration of the effect of changing the weighting (left) and the bias (right)  
 
Back propagation of errors is the most commonly used processing method for ANN.115 It uses a 
target matrix, which is a user defined binary code specific to each variable (fingerprint) as a 
comparison to the output to produce an associated error. The value of the error is calculated 
using the Levenberg-Marquardt optimization function in conjunction with the mean squared 
error performance.113 The resultant error is then fedback through the system and the weighting 
applied at each neuron is adjusted to minimise the associated error. This process is repeated until 
the error is minuscule and describes how the system is trained (see Figure 68).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 68: A cartoon illustration of the process of back propagation whereby the weighting is corrected 
according to the error between the target matrix and the output matrix 
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3.6.2	  Results	  from	  ANN	  Training	  and	  Testing	  of	  Dataset1	  	  	  
 
Matlab was the computational software used to develop the ANN. The full dataset consisting of 
1273 data points per anion, was presented to the system along with the target values (a seven 
string binary code unique for each anion – see Appendix 3).  
 
To evaluate the identification performance of the ANN the ‘Training-and-Test’ methodology 
was adopted.98 This method divides the dataset into three sections: Training, Validation and 
Testing. The former set trains the data by adjusting the weights and biases of the ANN.98 The 
validation set is used to minimise over-fitting by ensuring that the increase in accuracy seen by 
the testing set, actually yields an increase in accuracy over data that has not been seen by the 
network before. If the accuracy of training set is not replicated by the validation set then this 
indicates over-fitting and the training is stopped. If the increase in accuracy of the training set is 
replicated by the validation set, then the network has been successfully trained.113 The test set is 
presented to the network once the training has been finished, to confirm the actual predictive 
power of the network. The fingerprints presented to the array within this category are termed 
‘unknown’ as the ANN has not seen these responses before. The amount of data assigned to 
each section can be adjusted manually, but one needs to ensure the ANN has sufficient data to 
train. 
 
Dataset1 was presented to the ANN and constituted of seven different anionic responses in 
triplicate, equating to 21 fingerprints. The size of the different sets used in the ANN is outlined 
below:  
   
• Training Set – accounted for 80% of the data, equating to 17 fingerprints   
• Validation Set– accounted for 10% of the data, equating to 4 fingerprints 
• Testing Set – accounted for 10% of the data, equating to 4 fingerprints 
 
The system was then trained through an iterative process that stopped when either the validation 
error increased for six successive iterations or when the performance gradient became minuscule 
(typically 1x10-5).113 The stopping criterion prevented over-fitting and signified the end of an 
iteration - a number of which may be required before a fully trained system was achieved. The 
results of the training are expressed in terms of percentage error and are illustrated in a confusion 
matrix (Figure 69). A confusion matrix is a square tile, which has the defined target class on the x 
–axis and the output class on the y-axis. If the output class matches the target class then the value 
will appear on a green tile, signifying a correct assignment. If the output class does not match the 
target class, then the value will appear on a red tile signifying a false assignment. The results of 
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the confusion matrix allow the user to understand where any wrong assignments are occurring (if 
they occur), which would enable them to check the original data set for possible discrepancies, if 
need be.  
 
Dataset 1 was successful trained and the unknowns were correctly classified, as illustrated by the 
confusion matrixes shown in Figure 69.  
 
 
 
  
 
 
 
Figure 69: Confusion matrixes of the training, validation, testing and all of the sets. Correct classification of an 
anion is shown in green, and wrong classifications are shown in red. The percentage marks refers to the 
percentage of the data used within the dataset that is assigned to that Target/Output class. Pi corresponds to 
HPO42- and Si corresponds to SO42-.  
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The results from Figure 69 confirm the ability of the ANN to successfully predict the 
composition of an unseen fingerprint (all fingerprints within test set correctly classified). This 
ability arises due to a degree of generalisation associated to ANN, which allows it round input 
values to their closest target.  This is a skill unique to ANN and makes it the most powerful 
multivariate data analysis tool.  
 
Another advantage of ANN is that the trained network can be saved, allowing for the 
comparison of additional fingerprints to the dataset without having to re-compute the whole 
thing. Any new fingerprint would just need to be presented to the system along with a predicted 
target value and then a classification output is obtained. If the fingerprint matches the target a 
positive response is given. However if the response does not match the target, a false 
classification is obtained (indicated by the classification appearing on a red tile).  
 
The ability of the ANN to further predict an unknown was tested by presenting a new fingerprint 
response to the system, which was obtained by the addition of 1 equivalent of PPi to the array. 
The binary target for PPi was assigned as 0010000 and this was presented to the system along 
with the new fingerprint. As can be seen from Figure 70, the correct binary response was 
obtained (indicated by 100% classification). The fingerprint was then re-presented to the array 
but with the binary target for ADP (1000000) and as can be seen from Figure 70, there was a 
wrongful classification (100% error). This demonstrates how the system can be used to predict a 
more appropriate target – hence an unknown can be determined.  
 
 
Figure 70: Classification of new fingerprint of PPi. On the left the target value presented with the fingerprint 
was correct, on the left the target value presented to the system was incorrect. The percentage marks refers 
to the percentage of the data used within the dataset that is assigned to that Target/Output class. Pi 
corresponds to HPO42- and Si corresponds to SO42- 
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There are two limiting factors to this system; the first is the response from the array, because as 
long as the responses continue to be unique the system will be able to differentiate between 
them, regardless of the size of the dataset. The second limiting factor is that the network has to 
have trained the data in order to successfully characterise its response. This means that a new 
anion or an intereferant could be presented to the array, which could a unique response. But 
without having a controlled target value for this anion, the system would not be able to 
successfully characterise it.  
 
Having a method that is able to differentiate between different anions is a useful technique, 
however to increase the applicability of this system the arrays ability to distinguish between 
complex mixtures was determined. If the array could successfully distinguish between anions at 
different concentrations or classify the composition of mixed solutions, it could be a realistic 
option for a diagnostic tool. Hence, a number of complex solutions were presented to the array 
and the results are discussed in the following section.  
   	  
3.6.3	  Expanding	  with	  the	  Neural	  Network	  with	  Complex	  Solutions	  
 
Initially, the arrays ability to distinguish between different concentrations of the same anion was 
determined. Therefore, one and two equivalents of ADP, ATP and PPi (250 and 500 µM) were 
presented to the array along with one equivalent of PIP2 and PIP3. The results were performed in 
duplicate and the combined fingerprint responses of these anions equated to dataset2. Although 
the PIPs were the ideal target, due to their expense the ability of the array to differentiate 
between more affordable anions was initially tested for proof of principle.  
 
As mentioned an ANN can only be as good as the data presented to it, therefore the data needed 
to be screened before being taken forward to the ANN to determine whether the array was able 
to differentiate between these complex solutions. Hence, HCA was performed on dataset2 (see 
Figure 71). HCA was chosen as opposed to PCA, as PCA reduces the data allowing it to 
overcome issues with regards to overlapping and redundant data. ANN however, uses the whole 
fingerprint to classify the anions and thus the whole fingerprint needed to be checked. Since 
HCA also uses the full dataset for classification, this technique was used for screening.  
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Figure 71: HCA results of dataset2 using Euclidean distance measure 
 
The results confirm the reproducibility of the array as all of the repeats were correctly clustered 
together. In addition the relationship between the anions mostly reflects what had been found 
from HCA of dataset1 (see Figure 58).  The only difference being that at 2 equivalents, ADP 
shows a greater correlation with ATP than PPi (the reverse is true for 1 equivalent as evident in 
Figure 58 and 71). This indicates that changing the concentration is affecting the binding mode, 
for example perhaps at lower concentrations the receptors are encapsulating the anions but in 
larger concentrations the structure opens up and hence a different binding mode is obtained. An 
example of this is documented in a paper published from within our research group.118 
 
Another interesting point from Figure 71 is that all the responses for 2 equivalents of anions are 
clustered together. This indicates that the addition of 1 equivalent of each anion did not result in 
full displacement for all of the R:I combinations and hence, the second equivalent induced a 
greater displacement.  This effect was probably common to all of the tested anions and hence 
their responses are more greatly correlated to one another and thus cluster together. As all of the 
anionic responses could be differentiated, dataset2 was taken forward for training with the ANN.  
The same training-and-test methodology was applied to the dataset and the split was as follows:  
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• Training Set – accounted for 75% of the data, equating to 12 fingerprints   
• Validation Set– accounted for 12.5% of the data, equating to 2 fingerprints 
• Testing Set – accounted for 12.5% of the data, equating to 2 fingerprints 
 
The training was stopped when either the validation error increased for six successive 
interactions, or when the associated error became miniscule. After successful training the test set 
was presented to the system to determine its ability to predict unseen data. The results from each 
of the test sets are illustrated in Figure 72.  
 
 
 
The results show that the array was able to successfully differentiate between the different 
equivalents of the same anion. This feature can be exploited to determining the concentration of 
a particular analyte in a solution, which could enable its use in analysing biological pathways, such 
as the conversion of ATP to ADP. However, the array is still working with ‘pure’ samples and 
Figure 72: ANN results using dataset2.  
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for this method to be applicable within real life applications the array must be able to distinguish 
between complex solutions (solutions containing more than one anion). Hence, some complex 
solutions were presented to the array to determine its ability to analyse these solutions.  
 
3.6.4	  Expanding	  with	  the	  Neural	  Network	  with	  Mixed	  Solutions	  
 
The most challenging solutions to differentiate between are those that induce similar UV-Vis 
spectroscopic responses. From the HCA results it was known that the fingerprints of 1 
equivalent of ADP and PPi were similar, hence mixtures of these two anions were formulated 
and presented to the array. Although distinguishing between mixtures of PIP2 and PIP3 would 
have been ideal, ADP and PPi are more financially economical and since their similarity is similar 
to that observed between PIP2 and PIP3, it was assumed that if the array could distinguish 
between mixtures of ADP and PPi, then it would be able to distinguish between PIP2 and PIP3. 
Complex solutions containing ATP were also developed, as this anions response was quite 
different from PPi and ADP and we were interested to see what effect this would have.  
 
Hence, three complicated solutions were presented to the array, as outlined below: 
 
-­‐ 1:1 mixture ADP:ATP 
-­‐ 1:1 mixture ADP:PPi 
-­‐ 1:1 mixture PPi: ATP 
 
The fingerprints from these solutions were combined with those obtained from ADP, ATP, PPi, 
PIP2 and PIP3 (in duplicate), which resulted in the formation of dataset3. This dataset was then 
taken forward for HCA screening and the result from this analysis is shown in Figure 73.   
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The structural and electronic properties of the anions can still be used to explain the relationships 
observed in dataset3. For example PPi shows the greatest correlation to the ADP/PPi mixture, 
followed by ADP. Interestingly, those mixtures that contain ATP were more correlated to this 
anion than the other (PPi or ADP). This was probably due to ATP inducing an effect on the 
array that was unique to this anion. Figure 64 supports this hypothesis, where PC3 corresponded 
to a UV-Vis spectroscopic response unique to ATP. Since the ATP mixtures would also have 
induced this unique response to a certain degree, their fingerprints may have shown a greater 
similarity to ATP as opposed to the other anion as the responses induced by the other anion are 
not as unique. The results indicate that the array was able to successfully classify the different 
anions and their mixtures and hence, dataset3 was taken forward to the ANN.   
 
The same architecture was again used within the ANN for the processing of dataset3. The 
‘Training-and-Test’ method was also applied with the following split of the data:  
 
• Training Set – accounted for 70% of the data, equating to 28 fingerprints   
• Validation Set– accounted for 15% of the data, equating to 6 fingerprints 
• Testing Set – accounted for 15% of the data, equating to 6 fingerprints 
 
The training was stopped when the minimum gradient had been reached and the results of the 
training are expressed in Figure 74. The results illustrate that all of the anions including the 
mixtures were successfully trained and correctly classified; demonstrating the ability of the array 
to distinguish between complex mixtures.  
Figure 73: HCA results using dataset3 
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The ability of the array to differentiate between these complex solutions, suggests that the array 
holds promise in the development of a system that can be used a diagnostic or recognition tool. 
As discussed in the introduction, due to the diverse range of anions that the array can detect, 
there are a vast number of applications that this array could be used for.   
 
Although the ANN was able to distinguish between each of the datasets, as the datasets were 
quite large the training of the system required a number of interactions. It was known from the 
HCA heatmap (Figure 60) that each of the fingerprints contained a large amount of overlapping 
redundant data. If the dataset could be effectively reduced, the number of iterations required to 
train the system could be reduced and also the dataset would be of a more manageable size. As 
mentioned previously PCA is an effective way of reducing dataset, hence the results from PCA 
analysis were processed within the ANN.  
Figure 74: ANN results of dataset3 
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3.6.5	  Principle	  Components	  used	  in	  Neural	  Networks	  	  
 
To determine whether the PCs derived from a dataset could effectively represent the data and 
used for training in an ANN, the first 5 PCs of dataset1 (which represented 97.9 % of the 
variance present in the dataset) was presented to the system. The ‘Training-and-Test’ 
methodology was applied to with the following data split:  
 
• Training Set – accounted for 80 % of the data, equating to 17 fingerprints   
• Validation Set– accounted for 10 % of the data, equating to 2 fingerprints 
• Testing Set – accounted for 10 % of the data, equating to 2 fingerprints 
 
The training was stopped when either the validation error increased for six successive 
interactions, or when the associated error became miniscule. The results from the different 
training and test sets are shown Figure 75. As expected the results from the PCA dramatically 
reduced the fingerprints for each anion, from 1273 to 5, these five values could still be used to 
effectively distinguish and classify the anionic responses.  
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Figure 75: ANN results using the PCs of dataset1. Pi corresponds to HPO42- and Si corresponds to SO42- 
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3.6.6	  Summary	  of	  ANN	  Results	  
 
In conclusion, ANN have been successfully employed to not only differentiate between different 
anions but also between different concentrations of the anions and complex mixtures. The 
power of the system is its ability to predict the composition of an unknown through comparison 
to learnt controls, which gives the system the potential for use in future as a diagnostic tool.  
 
Although ANN can handle large datasets, which is proven by the use of similar technology in 
face and fingerprint recognition, it is also known that the results are only as good as the data 
supplied to the system. Although the ANN could distinguish between all of the tested anions, a 
large amount of redundant data still persisted within the fingerprints. Hence, PCA was employed 
to effectively reduce the dataset. ANN training with the PCs of dataset1 illustrated how this 
multivariate technique can be employed as a pre-processing step to effectively reduce the size of 
the dataset, which can reduce the number of iterations required for training and makes the data a 
more manageable size. 
 
The limiting factor in this system is the UV-Vis spectroscopic response from the array as it can 
be affected by numerous factors such as temperature, pH and solvent, thus the experimental 
conditions must remain consistent for reproducibility.  
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Chapter 4  
                Determination of binding affinities  
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As stated in previous chapters, the main aim of this research was the development of an array of 
receptors for use in pattern recognition for the classification of a range of anions and complex 
solutions. As described in Chapter 2 and 3, this was successfully achieved. However, we were 
also intrigued to determine the actual binding affinities that these receptors displayed towards the 
different anions. Hence, titration experiments were performed to determine the binding affinities 
of the receptors to a number of the anions. This would allow for an appreciation of those 
receptors that bind strongly to a certain anion, this is beneficial as such receptors hold potential 
for application in additional research areas.  
 
4.1	  Titration	  experiments	  to	  determine	  Binding	  Constants	  	  
  
A number of research groups have successfully utilised IDAs to determine the binding constants 
between numerous receptors based on the bis-ZnDPA motif and various anionic species.1,3,119 In 
these instances PV has been commonly used as the indicator as it undergoes a large spectral shift 
upon complexation, enabling the visual identification of binding. In addition, PV had been 
effectively employed in this research within IDAs for pattern recognition (Chapter 3.1). Hence, it 
was the chosen indicator for the determination of the binding affinities between the receptors 
and a range of anionic species.  
The titration experiments were conducted in a 96 microtiter well plate, which is a convenient 
method that has been readily adopted in literature as it allows for quicker analysis, with less room 
for systematic error.61,73,87  
The determination of the Ka of a particular receptor to an anion requires a number of steps: 
determination of binding stoichiometries, indicator-host titrations and guest-host titrations. The 
stoichiometries of PV with the receptors were determined via Job’s method and were discussed 
in Chapter 3.2.3 (see Table 3). The results from the Job’s plot revealed that those receptors that 
contain three binding motifs (except 38) displayed a 1:2 (R:I) binding stoichiometry. This 
stoichiometry was expected, as all of these receptors (25, 26, 35, 36) have two metal complexed 
DPA motifs and an additional third binding motif (25 and 26 – another DPA motif, 35 and 36 – 
an amine group). Since two DPA units are known to bind to one PV molecule, it was expected 
that the incorporation of a third motif would result in a more complex binding stoichometry.101   
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The determination of the R:I stoichiometries is very important in defining the mathematical 
algorithm needed to quantify the receptor’s affinity. Although a Job’s plot is the most commonly 
used method for doing this, it should not be relied on exclusively as in complex systems the Jobs 
method can become unreliable.120 The unreliability arises through the possible existence of two 
complexes (HG and HG2 – where H is the host and G is the guest) that have different physical 
properties; hence the assumption (within Job’s method) that the monitored physical property is 
linearly dependent may no longer be valid. Therefore to support the determined stoichiometry, 
the full UV-Vis spectrum was recorded for all titration experiments. This method could be used 
to support the claim of 1:1 stoichiometry, as if more than one isosbestic point was observed, one 
could presume the assigned stoichiometry was wrong. However, this method is also limited as 
the converse is not true, i.e. the absence of two isosbestic points does not rule out the existence 
of more a complex stoichiometry such as 1:2.120 Hence it is harder to validate the stoichiometry 
in more complex solutions. This issue was overcome by fitting all titration data with the 
algorithms for 1:1 and 1:2 stoichiometry and as can be seen from Figure 76, when the incorrect 
algorithm was applied the data did not converge. Hence, analysis of the generated isotherms 
allowed for the determination as to which stoichiometry best fitted the data.    
 
 
 
 
 
 
 
 
 
The UV-Vis spectra and the isotherms generated, supported the stoichiometries that were 
determined via the Jobs method. These stoichiometries defined the algorithm employed to 
calculate the binding affinities. For ease of representation, those receptors that were found to 
 
Figure 76:	   Illustration of how the line of best fit is only achieved when the appropriate binding constant is 
applied. On the left a 1:1 binding algorithm was applied to the titration data obtained with receptor 36 binding 
to PV. On the right a 1:2 binding algorithm was applied to the same data. Below each titration isotherm the 
corresponding residuals are shown, an even distribution of the residuals reflects a good fit. From these results 
it can be determined that a 1:2 algorithm best fits the data, as in this case the line of best fit (red line) is more 
reflective of the titration results. This fact is confirmed through analysis of the residuals, as for 1:2 there is a 
random distribution of the residual points, however a clear trend is observed for 1:1 binding, which is indicative 
of a bad fit.   
Concentration	  	  Concentration	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have 1:1 stoichiometry will be discussed first, followed by those that displayed 1:2. All the 
algorithms are derived from Beer-Lambert Law (Beers law’s - see Appendix) and used with 
Matlab.121  
4.1.1 Anion a f f in i t i e s  o f  those  r e c ep tors  d i sp lay ing  a  1 :1 hos t - ind i ca tor  s to i ch iometry   
After determination of the receptor - indicator stoichiometry, the affinity of each receptor to the 
indicator could be calculated. This was performed by adding increasing amounts of a given 
receptor to a fixed concentration of the indicator and monitoring its UV-Vis spectroscopic 
response (390 – 800 nm). One isosbestic point should be observed in these titration spectra, as 
only two spectroscopically active species should exist: the free indicator and the bound indicator. 
The titrations were conducted in triplicates to ensure reliability and as illustrated in Figure 77, all 
host –guest titrations occurred with a smooth transition of the indicator to its bound state with 
the presence of only one isosbestic point. 
              
Figure 77: Titration curve for the binding of receptor 31 to PV  
These spectroscopic results allow for the determination of the receptors binding affinity towards 
PV, by applying a modified version of Beer-Lamberts Law. The modified version accounts for 
the fact that the total concentration of free indicator ([I]) is not equivalent to the total 
concentration of the indicator (see equations e2 and e3).    
                                                                               (e2) 
                                                                       
                                                       A = εIb|I|εHIb|HI|       (e3) 
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Where A is the absorbance of the equilibrium solution at any given wavelength; εH, εHI are the 
absorbance coefficients of the respective host (H) and host-indicator (HI) molecules; and b is the 
path length.  
The observed λmax (of the free indicator) was deemed the most appropriate wavelength at which 
to quantify the absorbance. Plotting the absorbance against the total guest concentration 
generated the titration curves, an example of which is shown in Figure 78a (where receptor 31 
was titrated to PV). A graph of the residuals is also shown, which indicates how well each data 
point fits to the calculated isotherm. Ideally, the points on the residual plot should be randomly 
distributed and a systematic trend indicates a poor fit. Additionally the residual plot allows for the 
identification of those data points that that are anomolous.120  
 
 
 
 
 
Non–linear regression was then used with the titration data to quantify the binding affinity of the 
receptors to PV and the averaged result is expressed in Table 5.  
Table 5: Binding affinities of the receptors 28, 31 and 38 to PV 
Receptor 28 31 38 
Ka (M -1) (4.29±1.4)x105 (1.46±1.3)x108 (1.59±1.4)x 105 
These results show that complex 31 binds very strongly to PV, three orders of magnitude higher 
than 28 or 38. The key difference between these receptors is that 31 is a copper(II)-based 
receptor, while 28 and 38 are both zinc(II) complexes.  
Once the Ka values for the R:I complexes to PV had been determined, the affinity of the 
receptors to various anionic analytes could be measured. In these titration experiments, the 
indicator and the receptor concentrations were kept constant and the concentration of the anion 
was incrementally increased. Adjusting the volume of buffer solution added to each well 
circumvented any dilution effect. Two independent equilibria existed within this competition 
Figure 78:	  a) Titration isotherm of receptor 31 with PV b) plot of the residuals from the titration curve, 
indicating how well the data fits the isotherm 
Concentration	  	  Concentration	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assay, as expressed by e4 and e5 and the guest binding is directly proportional to indicator 
displacement. So, if the addition of one equivalent of a guest displaces more than 50% of the dye, 
then: KHG > KHI.  
                                       H + I  HI                         (e4) 
                                      H + G  HG                      (e5)          
Where H refers to the host, which is the receptor, G refers to the guest, which is the anion and I 
refers to the indicator.   
The titration experiment was conducted for each receptor with five different anions: HPO42-, 
SO42-, PPi, ADP and ATP. The full UV-Vis spectrum (380 – 800 nm) was recorded for these 
titrations to support the accuracy of the results (see Appendix 2). As with the receptor-indicator 
titrations, the experimental isotherms were generated by plotting the absorbance (at 443 nm), 
against the concentration of the anion. An example of a titration plot is shown in Figure 79, 
where ADP was titrated to 38:PV. The titration isotherm for this experiment is also shown along 
with its corresponding residuals (see Figure 80).  
 
Figure 79: Titration curve for the binding of receptor 38 with ADP 
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Figure 80: On the left is the titration exotherm generated for the binding of receptor 38 to ADP. On the right 
the residuals corresponding to the titration isotherm indicating how each point fits the generated isotherm  
As can be seen from Figure 80, the isotherm generated fitted the data well. Non–linear regression 
was then used with this titration data to quantify the binding affinity of the receptors to the 
different anionic species. The affinity for each triplicate was calculated, and the averaged results 
are shown in Table 6.  
 
Table 6: The binding affinities of the receptors 28, 31 and 38 to the tested anionic species 
Receptors SO42- HPO42- PPi ADP ATP 
28 n.d n.d (4.29±6.9)x105 (9.57±6.8)x104 (2.0±1.7)x105 
31 n.d n.d (1.17±0.3)x104 (1.2±0.3)x101 (6.2±0.8)x102 
38 n.d n.d (2.8±1.4)x105 (4.91±3.9)x104 (5.05±2.2)x104 
The results from Table 6 indicate that the receptors have a higher affinity towards PV than SO42- 
or HPO42-, as a binding constant for these anions could not be established. This indicates that the 
anions were unable to displace PV to a significant degree in order to induce a notable 
colorimetric change. Binding affinities of the receptors to the other tested anions could be 
established and are discussed in more detail below.  
Receptor 28 bound the tested anions in a hierarchical fashion with the following trend: PPi ≥ 
ATP > ADP, good affinities were obtained towards each anion however the difference between 
the affinities was not that significant. Interestingly, the reported affinities that 28 displayed 
towards a diphosphorylated peptide (a C terminal domain of RNA polymerase II), were greater 
than those obtained for the binding of the tested anions.84 Since the distance between the 
phosphates on the peptide (9.7 Å) is greater than the size of PPi (4.5 Å – determined by 
Mandel122) and larger than the diphosphate and triphosphate fragments of ADP and ATP (4.5 
and 5.9 Å respectively – determined by DFT calculations); it alluded to the fact that the receptor 
displayed a greater affinity towards those anions that are a similar size to the spacer employed in 
28 (11.5 Å).84 However, with this assumption one would assume that ATP would be bound 
Concentration	  	  Concentration	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preferentially over PPi, but this discrepancy can be explained through the greater flexibility of PPi 
allowing itself to adapt to a wider range of structures.122  
The results also indicate that receptor 38 was complementary to the binding of PPi, which 
correlates with the fact that the spacing between its DPA motifs was found to be complementary 
towards this anion (see Introduction – receptor 10).123 However, 38 differs from 10 through the 
inclusion of an additional binding motif (a boronic acid group). It was suspected that the 
inclusion of this motif would increase the receptors affinity towards those anions that possesses a 
vicinal diol. This theory correlates with the experimental date, as the receptors showed good 
affinities towards ADP and ATP, as well as PPi.  
Hamachi reported the distance between the DPA units in receptor 31 to be between 4 and 6 Å, 
hence it was suspected that this receptor would bind preferentially to smaller inorganic species 
(HPO42-, PPi, SO42-).22 The results indicated that the receptor showed a large affinity towards PPi, 
yet it appeared somewhat selective, as no displacement of PV was observed on the addition of 1 
equivalent of SO42- or HPO42- and its affinity towards ADP and ATP were negligible. However, 
this receptor has a large binding affinity toward PV (x108) and for the successful determination of 
the binding affinities by IDAs, the receptor should have a similar affinity towards both the 
indicator and anion. Since the receptors affinity towards PV is so great, it is possible the 
calculated magnitude of the receptors affinities towards the anions were affected. To determine 
whether this is true, the affinities should be re-calculated using an alternative indicator (one that 
the receptor does not bind as strongly).   
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4.1.2	  Anion-­‐binding	  with	  receptors	  showing	  a	  1:2	  host-­‐guest	  stoichiometry	  
The binding of two indicators to a single host molecule complicates the analysis, as two binding 
constants must be determined.121 The affinities were resolved using a script developed by 
Hamachi, which is based on Newton’s iterative process.121 The equation takes into account the 
two equilibrium equations that exist for the formation of 1:2 HG complexes (e5 and e6) with 
their associated binding constant expressions, and relates them to the optical data according to 
Beer’s law (e7).  
                                             H + I  HI                                 (e5) 
                                            HI + I  HI2                               (e6)     
                                        A = εHb|H|εHIb|HG|εHI2b|HI2     (e7) 
Where εH, εHI and εHI2 are the absorbance coefficients of the respective host (H), host-indicator 
(HI) and host-(indicator)2 molecules.   
The same λmax (443 nm) was used to quantify the absorbance and the titration curves were 
generated as before, by plotting the absorbance at this wavelength against the total indicator 
concentration.  Clear isosbestic points were observed with all the receptors (an example is shown 
in Figure 81, all other graphs can be found in Appendix 2). Despite the known presence of more 
than one complex, only one isosbestic point is observed in these titrations. However, this is 
unsurprising as the spectroscopic species are the same and thus the transition would occur at the 
same point and as mentioned previously the presence of only 1 isosbestic point does not confirm 
a 1:1 stoichiometry.121  
 
Figure 81: Titration curve generated on the titration 35 with PV  
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As it was known that these receptors bound PV in a 1:2 manner, an appropriate algorithm 
needed to be chosen as there are two types of binding modes that can take place in a 1:2 complex 
formation: cooperative and noncooperative. It was initially unknown which mode the receptors 
would employ for the binding of PV, thus both iterative processes were performed on the data. 
For all of the receptors only the non-cooperative method produced a feasible result, as the 
algorithm for the cooperative method resulted in the data being over fitted.  This indicates that 
the binding of one PV to a receptor does not influence the binding of the second. The isotherm 
generated for the non-cooperative interaction of receptor 35 to PV is shown in Figure 82 along 
with its corresponding residuals. The isotherms for the other receptors to PV can be found in 
Appendix 2.  
 
 
 
 
 
 
The dilution experiments were performed in triplicate and the results are expressed in Table 7. 
The results indicate that each of the receptors’ display high binding affinities towards PV and 
although there is a difference in the K1 and K2 affinities, each of these values is still high, which 
indicates that both of the binding constants are obtained from a concerted interaction from 
multiple motifs. This hypothesis can be justified by considering the number of binding motifs 
present on each of these receptors - three. Therefore, if one of the binding constants was derived 
from the interaction of two of the motifs with one PV and the other binding constant from the 
interaction with only the third motif, a more significant difference in the Ka values would be 
expected.  
Receptor 26 was found to have the lowest affinity towards PV, which was surprising as the other 
two copper(II) based receptors (31 and 36) displayed high affinities towards this indicator. 
However the isotherms and residuals of these results were good, which supported the obtained 
values.  
Figure 82: Titration isotherms of receptor 35 with PV 
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Table 7: Binding affinities determined for receptors 25, 26, 35 and 36 using a 1:2 binding algorithm   
Receptors 25 26 35 36 
K1 (M -1) (2.23±4.4)x107 (2.19±4.4)x105 (4.06±3.4)x106 (2.66±2.1)x107 
K2 (M -1) (1.29±1.4)x106 (6.72±1.4)x104 (4.56±3.3)x103 (2.43±2.0)x105 
After the binding affinities of the receptors to PV had been established, the affinity of the 
receptors to the various anionic guests could be determined. These titrations involved keeping 
the concentration of the receptor and the indicator constant, whilst adding increasing amounts of 
a guest (the volume of buffer was adjusted to account for any dilution effects). However these 
titration experiments were more complex than those that bound PV in a 1:1 manner, as a vast 
number of complexes could potentially exist within solution (see e8).  
A = εHIb|HI|εHGIb|HGI|εHI2b|HI2| εHG2b|HG2| εHGb| HG      (e8) 
Where [HG] corresponds to host-guest (receptor – anion) concentration, [HG2] corresponds to 
receptor binding two guests. [HI2] corresponds to the receptor with two bound indicators and 
[HGI] refers to the receptor bound to one indicator and one anion.  
Since the indicator was the only optical component a titration study could still be conducted, 
however it was difficult to determine an appropriate binding algorithm. As the receptor could 
potentially bind the anion in a 1:1 or a 1:2 manner, yet in both circumstances the UV-Vis 
response would be the same. In addition, some bis-DPA complexes can bind an anion in both a 
1:1 and 1:2 fashion, depending on the concentration of the anion in solution, which further 
complicates the analysis.118 With this uncertainty assumptions needed to be made with regards to 
the binding mechanism in order to obtain binding constants.  
Only the affinities of the receptors towards PPi, ADP and ATP were to be calculated as no 
significant displacement of PV was observed upon the addition of HPO42- and SO42-. It was 
suspected that the receptors would bind to these anions in a 1:1 fashion and with this assumption 
the data was fitted using 1:1 binding algorithm. Although this may not be the case, the results are 
an indication of the apparent binding affinity and allow for a greater understanding of how the 
receptors interact with the different anions. In order for the results to be directly compared with 
those obtained in literature, the actual binding stoichiometry would need to be determined 
without the use of a competition assay.  
Thus assuming 1:1 stoichiometry, the binding affinity of the receptors to the different anionic 
species were calculated and the results are expressed in Table 8. The titration graphs and 
isotherms can be found in Appendix 2.  
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Table 8: The determined binding affinities of the receptors 25, 26, 35 and 36 towards the tested anions ADP, 
ATP and PPi 
 PPi (Mol-1) ADP (Mol-1) ATP (Mol-1) 
 
25 (6.51±4.0)x104 (1.40±1.2)x101 n.d 
26 (0.84±1.0)x101 n.d n.d 
35 (2.19±0.5)x105 (1.30±0.9)x105 (6.79±3.0)x104 
36 (1.41±0.4)x106 (4.02±3.1)x103 (6.93±0.4)x104 
Some of the results in this study were surprising, for example the affinities of the triDPA 
receptors (25 and 26) to the anions were much lower than expected. For receptor 25, a moderate 
affinity towards PPi was obtained, but its binding affinity towards ADP was negligible and no 
affinity could be determined towards ATP. For the copper analogue of this receptor (26) 
negligible affinity towards PPi was obtained and an affinity towards ADP and ATP could not be 
established. This was surprising as the affinities of receptors 35 and 36 to these anions were good 
and these receptors only differed through their third binding motif. Where 35 and 36 possess a 
primary amine and 25 and 26 an extra DPA motif. It was suspected that the extra DPA motif 
would increase the affinity of the receptors to the phosphorylated species in comparison to 35 
and 36, as this motif is a better phosphate binder.31 Hence the lower binding affinities obtained 
in comparison were unexpected. As mentioned it was initially assumed that the receptors would 
bind PPi and the phosphorylated fragments of ADP and ATP with 1:1 stoichiometry. The low 
binding affinities indicates that perhaps a more complex binding mode existed, in which case the 
algorithm would not be effectively representing the data and thus the binding constants would be 
affected. This theory is supported by the fact that a structurally similar receptor 13, bound 
phytate in a 2:1 mechanism (R:anion). thus it is possible that the receptors (25 and 26) are 
binding to the tested anions in a similar manner as 13 to phytate, in addition to those modes 
discussed previously (e8).52. Hence, to determine whether the values obtained are a true reflection 
of the binding constants expressed by these receptors, the affinities should be re-calculated using 
a non-competition based method such as ITC or NMR spectroscopy.  
The binding affinities obtained for receptors 35 and 36 seemed reasonable and indicated that the 
receptors bound to the anions in a hierarchical fashion. The binding preference was most 
noticeable with respect to receptor 36, which bound PPi two orders of magnitude greater than 
ATP and three orders greater than ADP. This binding preference reflects that obtained by 
receptor 31 and indicates that di-copper(II) –DPA complexes have a high affinity towards PPi. 
This statement is supported by literature, as a similar receptor (55 – see Figure 83) to 36 was 
reported to selectively bind PPi over ADP and ATP (the only difference in these receptors is the 
presence of the amine group on 36).123 The amine was added to reduce the selectivity of the 
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receptor and the results suggest that this worked, as 55 was reported to have a higher affinity 
towards PPi (ca. 107) and possessed a lower affinity towards ATP and ADP. Although, the 
receptor 55 did not have a large affinity towards ATP and ADP, its binding preference correlated 
with that obtained for 36. This indicates that the binding affinities in Table 8 are a true reflection 
of the binding affinities of receptor 36 to the tested anions.  
 
	  
	  
 
Figure 83: Receptor 55, developed by Hong et al and reported to display high affinity towards PPi. Image 
reproduced from reference2 
 
It was expected that receptor 35 would bind to the anions in the same manner as 36, thus if the 
affinities calculated for 36 are a true reflection we can assume that those obtained for 35 are also 
a good representation of the actual binding affinity. However 35 did not bind PPi as strongly as 
36, this was a surprise as the zinc(DPA) has been quoted as being a better phosphate binding 
motif than its copper analogue.1 However, further research counteracted this argument as in 
numerous cases a copper(II) based receptor showed a greater affinity towards a phosphorylated 
species over its zinc(II) based equivalent.27 Demonstrating that the design of the receptor and the 
anion in question have a great impact on whether zinc(II) or copper(II) would be the most 
favourable Lewis acid. The binding affinities of receptor 35 to each of the tested anions were 
good and an interesting point is that there is negligible difference in the affinities that the 
receptor displays towards PPi and ATP. Further indicating that changing the metal centre greatly 
alters the binding affinity displayed by the receptor.   
4.1.3 Conc lus ion  to  the  Ti t ra t ion  Studie s   
Unfortunately the receptors affinities towards SO42- and HPO42- could not be determined due to 
a lack of spectroscopic response upon the addition of these anions. It is suspected that this was 
due to the receptors having a lower affinity towards the anions than PV and since each receptor 
displays a high affinity towards PV (≥ x105), this was not an unrealistic judgement. Thus, in order 
to determine the affinities that the receptors have towards SO42- and HPO42 a different dye (one 
that the receptors don’t bind as strongly) would need to be employed. Alternatively, a method 
that does not rely on a competition assay, such as ITC or NMR spectroscopy, could be utilised.  
The low affinities of receptors 25 and 26 to the tested anions was surprising as it was suspected 
that these larger receptors would bind well to the larger anions such as the adenosine phosphates. 
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In addition, the binding motifs present on these receptors are known to interact strongly with 
phosphates, thus the low affinities seemed questionable. It is suspected that the calculated 
affinities may have been affected by the data not properly fitting the 1:1 algorithm. Although the 
corresponding isotherms generated for these binding constants did not indicate over-fitting (see 
Appendix 2), fitting the results with a 1:2 model generated a similar isotherm and in both cases 
the binding affinities were low. This indicates that a more complex environment was present in 
these solutions, which likely inhibited successful determination of the binding affinity. The 
complex binding mode exhibited by 13 supports this theory.52 To establish whether this is the 
cause of the low binding affinities, further analysis would be needed.  
The binding affinities of the other receptors towards PPi, ADP, ATP were successfully 
determined. In each case, the receptors displayed a high affinity towards PPi and the values 
obtained were comparable to those in literature.2 Interestingly, the copper based receptor 36, 
displays the highest affinity towards this anion. However, the result corresponds with the high 
binding affinity that a structurally similar receptor (55) developed by Hong et al displayed 
towards this anion.123Receptor 31, which also possesses two copper-DPA motifs, also displayed a 
high affinity towards PPi indicating that this motif and the spacers used in these receptors, are 
complementary towards the binding of this anion. Both receptors however (31 and 36) showed 
an increased affinity to ADP and ATP in comparison to 55 (with respect to the receptors affinity 
to PPi – decreased selectivity). Indicating that increasing the size of the spacer (31) or introducing 
a new binding motif (36) made the receptors more promiscuous.  
Regardless of the affinities obtained from the IDA titration experiments, the results illustrate the 
hierarchical binding displayed by the receptors and illustrate the effect that changing the metal 
centre has on the binding affinities. For example, the zinc(II) based receptor 35 shows a similar 
affinity towards ADP and PPi and does not bind ATP as strongly. However its copper(II) 
analogue 36, has a large binding preference for PPi and subsequently prefers the binding of ATP 
over ADP. Changing the structure of the receptor also affects the binding mode and affinity, 
which is clearly illustrated by considering the affinities of receptor 25 and 35. However there are 
no large differences in the binding affinities of receptors 35 and 38 to PPi, ADP or ATP. This 
indicates that perhaps the boronic acid is not binding as effectively as initially suspected, as its 
replacement with an amine did not reduce the receptors affinity towards ADP or ATP.  
Due to the amount of substrate needed to determine the binding affinity of a receptor to an 
anion through IDAs, the PIPs were not analysed via this methodology. Instead, phosphatase 
assays were conducted as these allow for an appreciation of the binding affinity of a receptor to a 
phospholipid, yet require far less material.  
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5.  Bio log i ca l  Assays  
The principal targets within this research were the PIPs due to their association with OCRL and 
cancer.15 As well as demonstrating the ability of the developed receptors to bind to these anions 
in aqueous media for potential use as a diagnosis tool (Chapter 3 and 4), another aim of this 
research was to determine the ability of the receptors to interact with the PIPs under biological 
conditions. There are a number of approaches available for the detection of PIPs under 
biological conditions and the majority of these rely on competition based assays.12  
The ability to determine a receptor’s capability of binding a PIP under biological conditions is of 
interest because; successful binding would indicate the potential of the receptor to act as a kinase 
or phosphatase inhibitor (see Figure 84). Such inhibitors are of great interest and have already 
been tested in clinical trials and as such the pharmaceutical industry has invested much research 
in their development.12 Hence, all of the receptors were tested in a phosphatase assay to 
determine their ability to bind to the PIPs in the presence of a natural competing target (the 
phosphatase enzyme). These assays are however complex, as any interference observed in the 
assay could be a result of the receptor interacting with the phosphatase and not the substrate. 
Thus, additional assays are needed to support the results found from the phosphatase assays – 
see section 5.4. The results from the phosphatase assays with PIP2 and PIP3 are discussed in the 
subsequent section. 
 
Figure 84: Illustration of the complexity present in a phosphatase assay. In ‘a’ the substrate is successfully 
metabolised by a phosphatase enzyme. In ‘b’ the receptor binds to the phosphate on the substrate preventing 
the phosphatase from dephosphorylating it. In ‘c’ the added receptor has a greater affinity for the enzyme 
and thus prevents dephosphorylation by rendering the enzyme inactive.  
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5.1 Phosphatase  assays  
The purpose of a phosphatase assay is to determine the activity of this type of enzyme. Since the 
metabolism of a substrate by a phosphatase results in the release of phosphate, its activity can be 
monitored by detecting the levels of free phosphate in solution after incubation of a substrate 
with an enzyme.124 The levels of phosphate in solution are detected through the use of a 
phosphate determining reagent (see Experimental -Chapter 7.2).125,126 Monitoring the levels of 
phosphate allows for an appreciation of the binding efficiency of a receptor for a given substrate, 
since this will prevent the enzyme from metabolising the substrate (see Figure 84b). The first step 
in conducting the phosphatase assay was to select an appropriate phosphatase enzyme and 
determine its linear activity range. SopB was the chosen phosphatase, as this enzyme is able to 
metabolise all phosphatidylinositols as well as a range of other phosphorylated compounds. The 
linear range was performed by adding various concentrations of SopB to a solution of PIP2, 
incubating for 30 minutes and determining the amount of inorganic phosphate present in 
solution with the use of the phosphate determining reagent.  The result indicated that the activity 
of the phosphatase enzyme was linear up to ~50 µM (Figure 85); it was decided that a 
concentration of 9.0 µM SopB would be used within the phosphatase assays. 
 
 
                           
 
 
 
 
 
 
Phosphatase assays were subsequently performed using either PIP2 or PIP3 as the substrate, in 
the presence of the receptors as described in the experimental details (Chapter 7.2). Each of the 
experiments (discussed in the following sections) were conducted in triplicate to demonstrate the 
reliability and reproducibility of the results.  
 
Figure 85: Phosphatase assay results to determine the kinetic linear range activity of SopB. The activity was 
determined via the titration of increasing amount of SopB to a solution of PIP2  (30 µM), followed by the 
addition of the phosphate-determining reagent as described in Experimental. The solution was incubated and 
the absorbance after this time period is plotted on the graph.  
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5.2	  Phosphatase	  assay	  (with	  a	  phosphate	  determining	  reagent)	  using	  PIP2	  as	  the	  substrate	  
 
The results of the phosphatase assay with PIP2 are shown in Figure 86 and are expressed in terms 
of percentage of control; where the control represents the activity of the phosphatase without 
any receptor present.  The volume of water within each assay was adjusted to overcome any 
dilution effects.   
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The assay results were positive, as pre-incubation of PIP2 with each of the receptors resulted in 
less than 50% of the control phosphate levels being detected. This indicated that the receptors 
were interfering with the phosphatase activity. However these assays are complex, thus it was 
unknown whether the observed interference was a direct result of the receptors interacting with 
the substrate or from the receptor binding to the enzyme, or the enzyme chelating the metals 
present in the receptor. However, the latter was deemed unlikely, as if the loss of activity was 
purely due to the metals chelating with the enzyme, those receptors that employ the same 
number of metals would induce the same inhibitory effect. Yet receptors 28, 38, and 35 all 
possess two zinc(II) centres but induce different responses.  
The results also indicate that the structure of the receptor has a large impact on substrate 
metabolism. This supports the fact that the receptors are binding to the PIP, because with the 
introduction of a complementary motif for PIP2, the activity of the phosphatase enzyme is 
decreased. For example, receptors 35 and 38 have the same organic scaffold and both possesses 
two Zn-DPA motifs. However they differ through their third binding motif, as 35 possesses an 
amine group and 38 a boronic acid. PIP2 has a vicinal diol and boronic acids are known to bind 
Figure 86: Phosphatase assay with PIP2 as the substrate. The control represents the phosphate levels 
detected with no receptor. The other responses correlate to the phosphate levels detected (percentage of 
control) after 30 minutes of incubation with a receptor- the identity of the receptor (as well as the metal 
centre it employs) is detailed on the y-axis. The assay conditions used were 30 µM of PIP2, 0.90 µM of Sop B 
and 50 µM of a receptor. The phosphatase assays with receptor 31 and 53 are not included as these receptors 
induced a large background.   
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well to these functional groups.53 Hence, 38 would be expected to have a higher affinity for PIP2 
in comparison to 35 and the results from the phosphatase assay reflect this, as less phosphate is 
detected on incubation of 38 with PIP2 in comparison to 35.  
The results also indicate that the metal centre employed influences the affinity that a receptor 
displays towards the substrate, and the results suggest that the zinc(II) based receptors have a 
higher affinity towards PIP2  in comparison to their copper(II) analogue. This is supported by the 
fact that incubation of the PIP with receptor 25 resulted in only 5-10% of control phosphate 
levels being detected. However, incubating PIP2 with 26 (the copper(II) analogue of 25) resulted 
in 15-30% of phosphate levels being detected; the same effect can be seen with respect to 
receptors 35 and 36. This result correlates with those obtained in Chapter 4, as the copper(II) 
based receptor, 36, displayed a high affinity towards PPi but its affinity towards ATP and ADP 
were two-fold and three-fold lower, respectively. However, the zinc(II) analogue of this receptor 
(35) was not as selective (for PPi) and as its affinity towards all three anions did not differ that 
greatly.  
As mentioned the phosphate levels detected on incubation of PIP2 with both 25 and 26 were 
low, indicating that the receptor greatly affected the activity of the phosphatase enzyme. Since 
these receptors possess three DPA motifs that are known to bind strongly to phosphates, low 
phosphate levels were expected as it was anticipated that the receptors would bind well to the 
substrate.2,123,127 Although this result differs from that obtained in Chapter 4  (as little to no 
binding affinity of these receptors towards various anions was established), it was suspected that 
the lack of affinity was likely due to the receptor:anion binding stoichiometry being more 
complex than 1:1. The results from the phosphatase assay are more in line with what was 
expected, as they indicated that the receptors bound well to the PIPs and are a further indication 
that the binding affinities obtained in Chapter 4 (for 25 and 26) are not an adequate reflection of 
the true affinities.  
As mentioned previously the phosphatase assay itself is complex. Thus one needs to confirm 
whether the results obtained are purely a result of the receptor interacting with the substrate or 
whether the receptor is interfering with the enzyme as well. This is discussed in section 5.4, but 
first the results of the phosphatase assay with PIP3 are reviewed to determine how these 
responses differed on changing the substrate.   
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5.3	  Phosphatase	  assay	  with	  PIP3	  	  
A phosphatase assay with the receptors was conducted using PIP3 as the substrate in the same 
manner as described for PIP2, with 0.90 µM of SopB, 50 µM of receptor and 30 µM of PIP3 
being employed (Figure 87). As before, the volume of water was adjusted to overcome any 
dilution effects.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The assay gave some positive results, as pre-incubation of the receptors (apart from 36) with 
PIP3 resulted in no more than 15% of the control phosphate levels being detected. Although a 
greater variation in the results was expected, the receptors were present in excess of the PIP and 
thus it is possible that they could bind to all of the available substrate. To determine the 
differential binding displayed by these receptors to PIP3, an assay with lower concentration of the 
PIP should be attempted.  
 
Although good inhibition was observed for the majority of receptors, a significant change in the 
control phosphate levels on changing the substrate was only apparent with respects to receptors 
35, 26 and 28. In each case, the decrease in detected phosphate levels can be related to an 
expected increase in affinity of the receptors to PIP3 in comparison to PIP2. The change in 
detected phosphate levels on altering the substrate is most evident with respects to receptor 35. 
The incubation of this receptor with PIP2 resulted in 20-40% of the control phosphate levels 
being detected, however on incubating the receptor with PIP3 the phosphate levels detected 
Figure 87: Phosphatase assay with PIP3 as the substrate. The control represents the phosphate levels detected 
with no receptor. The other responses correlate to the phosphate levels detected (percentage of control) after 
30 minutes of incubation with a receptor - the identity of the receptor (as well as the metal centre it employs) 
is detailed on the y-axis. The assay conditions used were 30 µM of PIP3, 0.90 µM of Sop B and 50 µM of a 
receptor. The phosphatase assays results with receptor 31 and 53 are not displayed as these receptors induced 
a large background.   
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reduced to 0-10%. This dramatic decrease correlates with the IDA results, where the addition of 
PIP3 to a 35:PV combination resulted in full displacement of the dye, whereas upon the addition 
of PIP2 no significant displacement was observed (see Chapter 3, Figure 57). This result supports 
the fact that the receptors are binding to the PIP, as in the IDA no alternative substrate was 
present but the same result was induced.  
 
The incubation of receptors 26 and 28 with PIP3 also resulted in decreased levels of phosphate 
being detected in comparison to those obtained on incubation of the receptors with PIP2. Both 
of these observations can be related to an expected increase in affinity of the receptor to the PIP. 
For instance 28 has a large spacer (11 Å) separating its two Zn-DPA motifs.84 The distance 
between the two phosphates on PIP2 (at positions 4 and 5) is only 5.0 Å, however PIP3 has an 
additional phosphate located on position 3, which increases the separation between two 
phosphates (3 and 5).80 It is suspected that the increased separation between the phosphates on 
PIP3 makes it a more complementary substrate for 28. However, the greater affinity could simply 
be due to the increased polarity associated to PIP3.  
 
The reduction of the phosphate levels detected on incubation of 26 with PIP3 in comparison to 
those obtained with PIP2, correlates with the fact that PIP3 has three phosphates and 26 has 
three Cu-DPA motifs, which are known to bind well to phosphates.123 With this reasoning 
however, one would expect receptor 25 to also have a higher affinity towards PIP3 than PIP2, but 
this was not the case, as no change in the detected phosphate levels was observed on altering the 
substrate incubated with 25. However in both cases low phosphate levels were detected (2-15% 
of control). As discussed previously the copper(II) based receptors displayed greater selectivity 
than the zinc(II) based receptors. For example, 36 bound PPi two orders of magnitude greater 
than ATP and three orders greater than ADP. Such significant differences in the affinities 
towards these anions was not observed for the zinc(II) analogue 35, which is highlighted by the 
fact that the receptor showed a similar affinity to PPi and ADP. Hence, it is plausible that 25 is 
not as that selective as 26 and thus binds both anions (PIP2 and PIP3) to a similar degree. The 
increased affinity of 26 to PIP3 reflects its selectivity towards the more polar anion. As 
disregarding the PPi, the copper based receptors 31 and 36 bound the more polar ATP over 
ADP.122 
 
No change in the phosphate levels was detected on altering the substrate incubated with 
receptors 49 and 38. This was surprising as these receptors possess a boronic acid and it was 
suspected that the receptors would bind PIP2 preferentially. Although the boronic acids can still 
influence the binding to PIP3 through formation of hydrogen bond, this is much weaker than the 
expected formation of a covalent bond with PIP2, this indicates that perhaps the boronic ester is 
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not forming as well as hoped. However, it is clear from the different results produced from 35 
and 38 that the presence of the boronic acid motif does influence the binding. Yet, further 
studies would need to be conducted in order to determine whether the boronic ester is forming. 
The results however clearly indicate that both the receptors (38 and 49) are interfering with the 
phosphatase activity.  
 
The results from both the phosphatase assays were positive as they indicated that the 
phosphatase was not chelating the metal and removing it from its organic frame, but actually that 
the receptors were binding to the PIPs. Although it is possible that the receptors were interacting 
with the enzyme and hence reducing the phosphatase activity via this mechanism, the detected 
phosphate levels altered on changing the substrate. This supported the fact that the receptors 
were binding the substrate, as if the receptors were just binding to the enzyme, no difference in 
the detected phosphate levels would be expected on changing the anion. To help confirm this 
theory an assay was conducted to determine whether the receptors had any interference with the 
enzyme. The OMFP assay was the chosen assay to decipher any interference (see following 
section).  
 
5.4	  Phosphatase	  OMFP	  Assay	  	  
 
OMFP is a phosphorylated molecule (Figure 88) that allows for the determination as to whether 
a receptor employed in a phosphatase assay is interacting with the enzyme or the substrate. This 
determination is possible because OMFP can be metabolised by a phosphatase enzyme and its 
metabolism (which results in its dephosphorylation) is accompanied with a large fluorescence 
enhancement. Thus, one can monitor the rate of dephosphorylation of OMFP to OMF by a 
phosphatase enzyme. The assay can then be conducted in the presence of a receptor and if the 
receptor interacts with the phosphatase, the rate at which it will be able to dephosphorylate 
OMFP will be affected.   
                                
 
Figure 88: Structure of OMFP and OMF 
Phosphatase  
+ H2PO4- 
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The only issue with regards to this assay, is that the receptors designed within this research are 
able to interact with mono-phosphorylated species. Hence any change in the rate of 
dephosphorylation in the OMFP assay could also be a result of the receptors interacting with 
OMFP. To overcome this issue two experiments were conducted; the first involved the pre-
incubation of the receptors with the enzyme followed by the addition of OMFP. The second 
involved the pre-incubation of the receptors with OMFP, followed by the addition of the 
enzyme. It was assumed that any changes in the rate of dephosphorylation between these two 
assays would indicate whether the receptors were binding to the enzyme or OMFP. 
Unfortunately, at this stage no more SopB was available so an alternative phosphatase enzyme 
was employed (PTPMT1). This enzyme has the same catalytic domain as SopB and is able to 
interact with the substrates (PIP2 and PIP3) as well as OMFP. Although the receptors may display 
a different affinity to PTPMT1 than SopB, the assay will allow for an appreciation as to whether 
the receptors can interact with phosphatase enzymes.  
 
Three representative receptors were tested with the phosphatase OMFP assay, one zinc(II) based 
receptor (25), one copper(II) based receptor (26) and 49 - as this receptor differed from any of 
the others tested in the phosphatase assay. The activity rates from the OMFP assay are expressed 
in Figure 89 in terms of percentage of positive control (Control – OMFP added after). Although 
there are two positive controls (Control – OMFP added after and Control – enzyme added after), it was 
apparent that the order in which the assay was conducted greatly affected the turnover.  As such, 
the turnover from the control where the enzyme was added after was only 50% of the control 
where the enzyme was pre-incubated with the receptors. This difference in turnover was justified 
by the pre-incubation of the phosphatase enzyme with the receptor, which allowed for the 
enzyme to reach room temperature (from < 0°C) and it is suspected that this increased the 
enzymes activity.  
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Figure 89:	   Results from the OMFP assays expressed in terms of percentage of control (OMFP added). 
OMFP added indicates that the receptor was incubated for 15 minutes with phosphatase enzyme followed by 
the addition of OMFP. Enzyme added indicates that the receptor was incubated with OMFP for 15 minutes 
and then the phosphatase enzyme was added. The quantities in each case were consistent, using 0.2 µM of 
PTPMT1, 50 µM receptor and 0.1 µM of OMFP.	  
The results from the OMFP assay indicate that the receptors still have an effect on the activity of 
the phosphatase enzyme in the absence of the PIPs. Although changing the order of the 
phosphatase assay had a drastic effect on the activity of the phosphatase enzyme in general (the 
activity of the controls are different), when incorporating the receptors a significant difference 
was only observed for 25. To explain this result, pre-incubation of the enzyme with the receptor, 
followed by the addition of OMFP resulted in 30-50% of the control phosphate levels being 
detected. However, incubating the same receptor with OMFP, followed by the addition of the 
phosphatase enzyme, resulted in only 20% of the control (Control – Enzyme added after) 
phosphate levels being detected. Hence, incubating the receptor with OMFP reduced the activity 
of the enzyme. This suggests that 25 binds to OMFP, as if a proportion of the OMFP is bound 
to 25, the amount of free OMFP available for metabolising is reduced, which would result in the 
apparent decreased activity of the enzyme.  
 
This effect however was not observed for receptors 26 and 49, as there was no significant 
difference in the phosphate activity between the two OMFP assays (with respects the their 
corresponding controls). Unfortunately, since there was no difference in the detected phosphate 
levels between the two assays, but a dramatic reduction in phosphatase activity was observed in 
both cases. This indicates that the receptors were interacting with the enzyme, because if the 
receptors were interacting with the OMFP, one would expect a difference in the phosphatase 
activity between the two assays. However, the receptors are present in excess of the enzyme, thus 
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if the receptors were interacting with the enzyme a dramatic difference in activity between the 
two OMFP assays would not be expected.  
The results from the OMFP assay indicates that the zinc(II) based receptor binds to OMFP and 
not the enzyme, however the reverse was true for receptors 26 and 49. It is therefore suspected 
that the receptors will bind to the enzyme in the absence of an ideal target. This theory is 
supported by the fact that the binding studies indicated that the zinc(II) based receptors were 
more promiscuous than their copper(II) analogues. In addition, changing the metal centre can 
alter the affinity that a receptor displays towards an anion, this is supported by the results 
obtained in Chapter 4 as well as in literature.27 For receptor 49, it is known that synthetic 
receptors that mainly rely on hydrogen binding are often weaker anion binders than those that 
incorporate a Lewis acid (in aqueous media).2  
 
Previous PIP based receptors developed within our research group did not interact with the 
enzyme and the key difference from these receptors to those in this research was the presence of 
a metal centre.59 Although the results from the phosphatase assays indicated that the metals were 
not being extracted from the receptor by the phosphatase, an OMFP assay with varying 
concentrations of copper(II) and zinc(II) was conducted in order to support this claim.  
 
In these assays the enzyme was incubated with the metal salts at various concentrations for 15 
minutes, followed by the addition of OMFP.  The dephosphosphorylation rates from these 
assays are expressed in Figure 90 in terms of percentage of control.  
          
 
Figure 90: Results from the OMFP assays conducted with zinc(II) and copper(II) salts, which are expressed 
in terms of percentage of Control (0). The Y- axis details the concentration of the metal salt in µM incubated 
with the PTPMT1 before addition of OMFP. The quantities of the enzyme and OMFP were consistent with 
the prior OMFP assay using 0.2 µM of PTPMT1 and 0.1 µM of OMFP.  
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These results indicted that in the presence of high zinc(II) concentration, the activity of the 
phosphatase enzyme is only decreased by 60%. Since the activity of the phosphatase enzyme was 
more significantly reduced in the presence of receptors that contained a lower concentration of 
zinc(II), it is clear that the metal is not being lost from the receptor and binding to the enzyme. 
In addition, the results indicate that copper(II) is more toxic to the phosphatase enzyme than 
zinc(II) and this result is also reflected in literature.128 Yet, despite the more toxic nature of 
copper(II) to the phosphatase enzyme, in the majority of cases lower phosphate levels were 
detected on incubating the enzyme with the zinc(II) based receptors than the copper(II) ones. In 
addition, the activity of the phosphatase enzyme was quite high in the presence of 36 (a copper 
based receptor), which further supports the fact that the receptor remains intact in the presence 
of the enzyme. These results indicate that the receptor binds as a whole and the metal is not 
being removed from the organic scaffold by the enzyme.  
 
5.6	  Summary	  of	  the	  phosphatase	  assays	  	  
 
The results from the phosphatase assay indicate that the receptors will preferentially bind to the 
substrate, providing it is an adequate target. For example, incubation of receptor 35 with PIP2 
resulted in 20-40% of control phosphate levels being detected, but on changing the substrate to 
PIP3 the detected phosphate levels dropped to 0-10%. If the receptor were to only bind the 
enzyme, then no difference would be expected in the detected phosphate levels. The OMFP 
results further support this theory, as pre-incubating receptor 25 with OMFP resulted in 
decreased phosphate levels being detected (20% of control), in comparison to when the receptor 
was pre-incubated with the enzyme (30-50% of control). This indicates that the receptor was 
binding to OMFP and since the PIPs are a better target for these receptors (IDA results 
demonstrate that the receptors preferentially bind multi-phosphorylated species – see Chapter 3 
and 4), it can be assumed that in the presence of the PIPs the receptors would bind to these 
lipids over the enzyme.  
 
However, the results also indicated that the receptors were capable of interacting with the 
phosphatase enzyme. This assumption was deduced because in the absence of an ideal target the 
receptors still interfered with the phosphatase activity. This assumption is supported by the fact 
that in the OMFP assays with 26 and 49, changing the component that the receptor was pre-
incubated with had no effect on the phosphatase activity, yet in both cases low phosphate levels 
were detected. This indicated that the receptors were not binding to OMFP. This can be justified 
by the binding studies in Chapter 4, as they indicated that the zinc(II) based receptors were more 
promiscuous than their copper(II) analogue, which could explain the inability of 26 to bind 
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OMFP. In addition, the results both in this research and in literature illustrate that changing the 
metal centre alters the affinity that a receptor displays towards an anion, hence the greater affinity 
that 25 has towards OMFP may be unique to this receptor.27 In addition, it is known that those 
receptors that mainly rely on hydrogen bonding (like 49) are often weaker anion binders than 
those that incorporate a Lewis acid.31 Hence, one could expect this anion to have a low affinity 
towards OMFP. Since it was deduced that these receptors (26 and 49) were not binding to 
OMFP, the low phosphate levels detected in these assays (~20%) was assumed to be a result of 
the receptors binding to the enzyme and thus decreasing its activity. However, it is suspected that 
in the presence of an ideal target, these receptors too would bind to the target preferentially over 
the enzyme. This is supported by the fact that the levels of phosphate detected in the 
phosphatase assay differed depending on the target introduced. For example, 15-30% of the 
control phosphate levels were detected on incubating 26 with PIP2, but on incubation with PIP3 
only 0-10% of the control phosphate levels were detected. The decrease in phosphate levels 
detected can be related to the increase in affinity that 26 is expected to have towards PIP3, as 26 
has three Cu-DPA motifs that could interact with each of the phosphates present on this PIP. If 
the receptor were simply interacting with the enzyme changing the substrate would not alter the 
phosphatase activity.  
 
However, for 49 the activity of the phosphatase enzyme was consistent regardless of the 
substrate, which suggested that the receptor may not be successfully interacting with the PIPs but 
binding to the enzyme instead. To determine whether the receptor is able to bind to the PIPs 
under biological conditions, alternative methods of analysis should be conducted (such as an 
Elisa) to determine whether an affinity can be obtained via this methodology.  
 
Although the results from the phosphatase assays indicate that the receptors are binding to the 
PIPs, further assays are needed to support and expand upon these results.  
 
 
 
 
 
 
 
 
 
 
	  
145	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 6  
Conclusion & Future Work  
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6.1	  Conclusion	  	  
 
The aims of this research were to develop a series of boronic acid and metallo- receptors, 
conduct IDA experiments and analyse the results by multicomponent analysis and perform in 
vitro studies with them. All of these aims have been met and have been discussed in full in the 
corresponding Chapters.  
 
Several target anions were selected for analysis within this project, with the main focus being on 
the recognition of phosphatidylinositol phosphates (PIPs). PIP2 and PIP3 were of particular 
interest due to their association to a number of disorders including cancer and OCRL, 
respectively.15 The development of selective receptors for anionic species has been an area of 
interest for over half a century, however despite the enormous amount of interest, the 
development of selective receptors still remains a challenging area.29 To overcome this difficulty, 
pattern recognition was adopted. This methodology allows for the use of an array of non-
selective receptors for the selective recognition of an anion.87 Since pattern recognition was to be 
the analysis methodology, the ideal receptors were designed to be promiscuous.  
 
Nine receptors were successfully synthesised, four of which are novel (25, 35, 49 and 53). Two of 
the initially designed receptors were not synthesised due to the fact that they undergo 
deboronation, yielding complexes 39 and 45. Since these compounds had lost an important 
binding motif – namely the boronic acid - further analysis with these receptors was not 
conducted. Another novel receptor 44, was also developed, however it was impure by elemental 
analysis and due to time constraints and the possession of numerous pure complexes further 
purification was not attempted. Three X-ray crystal structures of receptors 25, 39 and 45 were 
also obtained within this research and the interesting gelation properties of complex 39 were 
discovered.   
 
The stoichiometry and compatibility of the nine receptors with seven different dyes (PV, GC, 
AZ, DT, ZC, MX, BPR) was tested and from this seven of the receptors (25, 26, 28, 31, 35, 36 
and 38) were used in combination with four of the dyes (PV, GC, MX and ZC) to develop an 
array system to differentiate between the different anionic species. Seven anions (HPO42-, SO42-, 
ADP, ATP, PIP2 and PIP3) were tested with the array and HCA, PCA and ANN were used to 
analyse the results and in each case successful differentiation was obtained. The HCA analysis 
allowed for a graphical appreciation of the fingerprint generated by each anion (Heatmap- Figure 
60). It also allowed for the fingerprints of each anion to be correlated in terms of their similarity 
to generate a dendrogram (see Figure 58) and the relationship between the anions in this 
dendrogram correlated with the structural and electrostatic similarities of the anions.  
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PCA of the UV-Vis spectroscopic responses successfully reduced the data to a number of 
significant PCs. Creating plots with these PCs allowed for each of the anions to be successfully 
represented by two data points. No overlaps over the anions was observed and those anions that 
shared structural or electrostatic properties were clustered together (see Figure 63), 
demonstrating that PCA analysis could reduce the data to two significant data points without any 
loss of differentiation. Thus, HCA and PCA proved that the UV-Vis fingerprints generated from 
the array were able to differentiate between the tested anions. An ANN was subsequently used to 
analyse the data, as this type of computation analysis is required for the development of a 
diagnostic tool. The UV-Vis responses of the seven anions were used to train the ANN and 
when the system was subsequently presented with an unknown sample, it was able to correctly 
assign its composition. Thus, the developed receptors along with four commercially available 
indicators showed potential to act as a diagnostic tool. Yet, for an array to have true potential as a 
diagnostic device for ‘real-life’ applications, it must be able to differentiate the composition of 
mixed solutions. Hence, a number of complex solutions (mixtures of the adenosine phosphates 
and mixtures of concentrations) were tested with the array and their UV-Vis fingerprints used to 
train an ANN. Subsequent testing of unknown complex solutions with the ANN revealed that 
the system was able to successfully distinguish the composition of unknown complex samples. 
This array could potentially be used to monitor enzymatic processes by analysing the 
concentration of ATP, ADP and PPi in solution.  
 
Although the recognition of the PIPs was the main focus, the analysis of complex mixtures with 
these anions has not yet been attempted, as initial proof-of-concept with more economical 
compounds was deemed the most appropriate method. However, with the success of the array in 
determining the composition of these complex solutions, the next step would be to test the array 
with complex solutions of the PIPs. Due to the ability of the array to distinguish between anions 
that induce a similar UV-Vis spectroscopic response, it is suspected that the array will be able to 
distinguish between complex solutions of the PIPs.  
   
Another aim of this research was to determine the binding affinity of these receptors against the 
target anions. Although the receptors were not designed to be selective, some of the receptors 
may have a high affinity towards some of the anions and thus show potential for further 
development towards a probe. In addition, analysis by this methodology enabled a better 
understanding of which anions the receptors were interacting best with, which could be useful in 
the design of future receptors. The binding constants were determined through IDA dilution 
experiments, using PV as the displaceable indicator. Unfortunately the binding affinities of the 
receptors towards HPO42- and SO42- could not be determined, it is suspected that this is due to 
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the receptors displaying a higher affinity for PV than for the anions. Hence alternative methods 
for the determination of these binding affinities should be pursued. There was also trouble in 
determining the correct binding affinity of receptors 25 and 26 to various anions and it was 
suspected that this was due to a more complex binding mechanism than 1:1 taking place. In 
order to establish the true binding affinities of these anions, the affinities should be determined 
using a method that does not involve a competition assay. However, the binding affinities of the 
other receptors (28, 31, 35, 36, and 38) to PPi, ADP and ATP were successfully determined and 
illustrated that the receptors bound to these anions with good affinity (between 103 and 106 M-1). 
Interestingly, each of the receptors showed a high affinity towards PPi, however their affinities 
towards the anion differed, with the greatest affinity (ca. 106) being displayed by 36. The other di-
copperDPA complex 31 also possessed a high binding affinity towards PPi and bound it 
preferentially over ADP and ATP. The high affinity of these two complexes to PPi relates to the 
high selectivity that a similar receptor 55 has to PPi. However, the structural changes in receptors 
31 and 36 seemed have made the receptors more promiscuous – which was the desired 
outcome.123 The majority of the receptors also displayed a good affinity towards ADP and ATP 
and for each of the receptors there was a binding hierarchy, which justified the success of the 
IDA. The results from the binding studies also demonstrated how changing the metal centre and 
structure of the receptor can alter its towards an anion.  
 
The in vitro analysis of the receptors binding performance to the PIPs was another aim of this 
research, which was analysed using phosphatase assays. These assays are again competition based, 
as the receptor competes with the phosphatase enzyme for the binding or metabolism of the 
substrate, respectively. The results from the phosphatase assay indicated that the receptors were 
binding to the PIPs under these conditions, as the activity of the enzyme differed depending the 
substrate present. For example, incubating receptor 28 with PIP2 resulted in 20-45% of the 
control phosphate levels being detected, however on changing the substrate to PIP3 the amount 
of control phosphate detected dropped to 2-10%. The same affect was also observed for 
receptors 35 and 26, and for each case the difference in activity could be related to the receptor 
design being more complementary to PIP3, which would result in decreased levels of phosphate 
being detected on incubation with this anion.   
 
Although the phosphatase results were positive an OMFP assay was conducted to ensure that the 
receptors were not binding to the enzyme. However, the results from this assay indicated that in 
the absence of an appropriate substrate the receptors could interfere with the enzyme. This 
assumption was deduced as pre-incubating the zinc(II) based receptor 25 with OMFP resulted in 
decreased phosphate levels being detected in comparison to when the receptor was pre-incubated 
with the enzyme. Indicating that the receptor was binding to OMFP, however the same effect 
	  
149	  
was not observed for receptors 26 and 49. This could be explained by OMFP not being an ideal 
target for 26 and 49. From the binding studies it can be deduced that 26 does not bind HPO42- as 
strongly as the other anions, thus one would expect the receptor to display a low affinity towards 
OMFP. Although the same case could be argued with respects to receptor 25, the binding studies 
also indicated that this receptor is more promiscuous in binding phosphorylated species. For 
example, in the binding studies of 36 significant differences in the binding affinities towards PPi, 
ADP and ATP could be observed, but the differences were less significant with the zinc(II) 
analogue 35. In addition, the results both in this research and in literature illustrate that changing 
the metal centre alters the affinity a receptor displays towards an anion, hence the greater affinity 
25 has towards OMFP may be unique to this receptor.27 The low affinity that receptor 49 would 
have towards OMFP was justified as this receptor employs hydrogen bonding and these 
receptors are often weaker anion binders than those that incorporate a Lewis acid (under 
aqueous conditions).31 
 
To ensure that the enzyme interference induced by these receptors was not a result of the 
enzyme chelating the metals and removing them from their organic frame, an OMFP assay was 
conducted with zinc(II) and copper(II) at various concentrations. The results from these assays 
indicated that the complexes remain intact, this was deduced as uncomplexed copper(II) is very 
toxic to the phosphatase enzyme, however the copper(II) based receptor 36 is not as toxic to the 
phosphatase. In addition, numerous of the zinc(II) based receptors induce a more inhibitory 
effect on the phosphatase than the free metal salt.  
 
The in vitro studies suggest that the receptors do bind to the PIPs, however they are also able to 
bind to the enzyme in the absence of an appropriate substrate. Further in vitro studies of these 
receptors should include OMFP assays with all of the receptors varying the concentrations of the 
components. In addition, OMFP assays should be conducted with SopB as the phosphatase 
enzyme to determine whether the same effect occurs with this phosphatase.  
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6.2	  Future	  Work	  	  
 
There still remains a large amount of research that can be done in association with this project. 
With regards to the synthetic aspect, since the array was successfully able to identify all of the 
compounds of interest, no additional receptors need to be synthesised. However, it would still be 
interesting to purify receptor 43 and determine which anions it interacts greatly with.   
 
Also, considering the complication in determining the binding constants for some of the 
complexes, it would be interesting to determine the affinities using a non-competitive method 
such as NMR.  
 
There also still remains a large amount of work to be done within the pattern recognition aspect 
of this project. The work thus far was mainly for proof of principal and although the work 
indicated that the array would be able to successfully differentiate between complex mixtures of 
PIPs, the next step would be to actually train the system with complex mixtures of PIPs. It would 
be ideal to train the system with a wide range of complex solutions, as the more reference 
samples that are presented to the ANN will mean that the system will be more capable of 
correctly identifying a complex mixture. The only issue with regards to this is the expense of 
developing the reference database as the PIPs are extremely expensive. Hence, work could be 
done to minimize the array so that less sample would be needed for the analysis. This could be 
achieved my moving towards the ‘lab on a chip’ method, whereby significantly smaller volumes 
of sample would be required.71 Once this methodology is developed the array would be much 
closer to its end application as a diagnostic method.  
 
The other area of this project involved analysing the responses of the receptors to the anions in 
vitro. However, as mentioned earlier there were numerous complications in this analysis as the 
receptors seemed to be interacting with the enzyme. The competitive nature of the experiment 
was clearly a downfall and alternative in vitro experiments should be attempted in order to 
establish whether a method can be developed where the true anion-receptor interaction is being 
monitored. Such experiments include Eliza, as in this method the receptor would have a longer 
time to bind to the anion and this may improve the analysis. The phosphatase assay could also be 
conducted with different enzymes, which may remove the complication, as the receptors may not 
interact with all of the enzymes.  
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  Chapter 7 
                                        Experimental   
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 General	  Directions:	  
 
Solvents and reagents: See apprendix 1 and 2. Chromatography :  Flash chromatography was 
performed on silica gel (Merck Kieselgel 60 F254 230 – 400 mesh) according to the method of Still 
unless otherwise stated.129 TLC was performed on aluminium plates pre-coated with silica (0.2 
mm, 60 F254) which were developed using standard visualising agents: UV fluorescence (254 & 
366 nm), iodine and ninhydrine. In frared  spe c t ra : These were recorded in the solid state on 
Perkin Elmer Spectrum 100 FT-IR instrument, only selected absorbances are reported. NMR 
Spec t ros copy : 1H NMR spectra were recorded at 400 MHz on Bruker Avance 400 Ultrashield 
instruments at 298K unless otherwise specified. 13C NMR spectra were recorded at 101 MHz on 
Bruker Avance 400 Ultrashield instruments. 11B NMR spectra were recorded at 128 MHz on 
Bruker Avance 400 Ultrashield instruments. Chemical shifts are quoted in parts per million 
(ppm) and referenced to the appropriate residual solvent peak. Coupling constants (J) are 
reported to the nearest 0.5 Hz. Mass spe c t ra :  Mass spectra (m/z) were obtained by J. Barton at 
Imperial College on a Micromass LCT Premier instrument, with only the molecular ions (M+) 
and major peaks being reported. Microanalys i s :  Elemental analyses were performed by A. 
Dickerson at the University of Cambridge. UV Spec t ra :  These were recorded on a SpectraMax 
M3 instrument. Floures c ence  Spec t ra : These were recorded on Varian Cary Eclipse 
spectrophotometer. X-ray c ry s ta l lography : Crystal structures were resolved by A. White at 
Imperial College London. 
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  7.1	  Chemical	  Synthesis	  	  Synthesis	  of	  1,3,5-­‐Tris[bis(pyridin-­‐2-­‐yl)methyl-­‐amino)-­‐methyl]-­‐benzene	  (24)51	  
 
 
24 was synthesised by slight modifications of a previoulsy reported procedure.82 1,3,5-
tri(bromomethyl)benzene (0.26g, 0.72 mmol) and DIPEA (0.28 g, 2.2 mmol) were dissolved in 
DCM (40 mL). DPA (0.44 g, 2.2 mmol)  was added to the reaction mixture and stirred overnight 
at room temperture. The solvent was removed under reduced pressure  and the resulting crude 
was purified by flash chromatography (silica, CHCl3) to yield a light yellow oil. The oil was 
dissolved in ethyl acetate and upon addition of hexane the pure ligand was obtained as opaque 
needle like crystals.  
 
Yield = 54 %, 0.28 g. Rf  0.6 (CHCl3). δH NMR (400 MHz, CDCl3): 8.51 (6H, d, J = 5.0, H10), 
7.65 (6H, dd, J = 7.2, 1.4, H8), 7.53 (6H, d, J = 7.8, H7), 7.37 (3H, s, H2), 7.13 (6H, d, J = 7.0, H9), 
3.81 (12H, s, H5), 3.69 (6H, s, H4). δC NMR (101 MHz, CDCl3): 159.6, 149.0, 139.0, 136.5, 128.3, 
122.9, 121.7, 60.1, 58.7. TOF – MS ES+:  734.79 a.m.u ([M+Na]+). E.A found: %C; 71.95, %H; 
6.48, %N; 16.76. Calcd. for C45H49N9O2 (=[24]+2H2O]): %C: 72.26, %H: 6.60, %N: 16.85.  
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Synthesis	   of	   1,3,5-­‐Tris[bis(pyridin-­‐2-­‐yl)methyl-­‐amino)-­‐methyl]-­‐benzene	   Zinc	   complex	  (25)	  
 
 
25 was synthesised by slight modifications of a previoulsy reported procedure.82 The free ligand 
24 (0.44 g, 0.62 mmol) was dissolved in MeOH (20 mL), followed by the dropwise addition of 
ZnCl2 (0.25 g, 1.85 mmol). The reaction was stirred overnight at room temperature and the crude 
was precipitated by addition of diethyl ether (10 mL). The solid was isolated by filtration and 
washed with water (1 x 10 ml). The crude was dissolved in methanol and a solution of NaPF6 was 
added to yield the final complex as a white amorphous solid. A single crystal of this complex was 
obtained by slow diffusion of diethyl ether in a methanolic solution of the crude compound.  
 
Yield = 70%, 0.53 g. υ (cm-1): 3557 (C=C), 1605 (C=C), 1448 (C=C), 769 (C-H). δH NMR (400 
MHz, D2O) 8.62 (6H, d, J = 4, H10), 7.94 (6H, dd, J = 7.7, 1.6, H8), 7.57 (6H, dd , J= 4, H9), 7.37 
(6H, d, J = 7.9,  H7), 6.96 (3H, s, H2), 4.12 (6H, d, J = 16.1, H5), 3.97 (6H, d, J = 16.1, H5), 3.66 
(6H, s, H4). δC NMR (101 MHz, DMSO): 179.0, 148.8, 140.8, 134.5, 133.8, 124.8, 124.8, 56.2, 
56.3. TOF – MS ES+: 1085.0 a.m.u ([M-PF6]+). E.A found: %C; 44.76, %H; 3.80, %N; 10.20. 
Calcd. for C45H47N9OPF6Cl5Zn3 (= [25]): %C; 43.93, %H; 3.68, %N; 10.25. 
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Synthesis	   of	   1,3,5-­‐Tris[bis(pyridin-­‐2-­‐yl)methyl-­‐amino)-­‐methyl]-­‐benzene	   Copper	  complex	  (26)82	  
 
 
26 was synthesised according to a modified literature procedure.82 The free ligand 24 (0.44 g, 0.62 
mmol) was dissolved in MeOH (20 mL), followed by the drop wise additon of a methanolic 
solution of CuCl2 (0.25 g, 1.85 mmol) and the reaction mixture was stirred overnight at room 
temperature. Addition of diethyl ether (10 mL) resulted in the precipitation of a solid, which was 
isolated by filtration and washed with water (1 x 10 ml). The mass spectrum of this compound 
was obtained and indicated product formation, however the complex was impure by elemental 
analysis. Th ecompound was therefore recrystalisated by the addition of NaPF6  to a methanolic 
solution of the crude, to yield the final complex as a blue amorphous solid. 
 
Yields = 65%, 0.67 g. υ (cm-1): 3634 (C=C), 1612 (C=C), 1447 (C=C), 822 (C-H). TOF – MS 
ES+: 686 a.m.u ([M – 2PF6]2+/2). E.A found: C; 32.28; H: 2.74, N; 7.36. Calcd. for 
C45H45N9P5F30ClCu3 (= [26]): %C: 32.50, %H: 2.73, %N: 7.58. 	  Synthesis	  of	  3,3-­‐Bis[(2,2-­‐dipicolylamino)methyl]biphenyl	  (27)130	  
 
 
27 was synthesised during the masters project associated to this research according to a known 
literature procedure.130,93 The crude solid was recrystallised from chloroform/hexane to yield the 
named compound as a light brown amorphous solid.  
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δH NMR (400 MHz, CDCl3): 8.68 (2H, d, J = 5.2, H1), 8.59 (4H, d, J = 4.8, H11), 8.46 (2H, s, H4), 
7.78 (4H, dd, J = 7.6, 1.6, H10) 7.65 (4H, d, J = 7.6, H8), 7.59 (2H, d, J = 4.4, H2), 7.26 (4H, dd, J 
= 6.8, 1.5 H9), 4.01 (8H, s, H6), 3.95 (4H, s, H5). TOF – MS ES+: 578.29 a.m.u ([M+H]+). E.A 
found: %C; 72.50, %H: 5.77, %N; 18.42. Calcd. for C36H36N8O (= [27]+ H2O) C: 72.46, H: 6.08, 
N: 18.78. 
 Synthesis	  of	  3,3-­‐Bis[(2,2-­‐dipicolylamino)methyl]biphenyl	  Zinc	  complex	  (28)130	  
 
 
 
28 was synthesised by slight modifications of a previoulsy reported procedure.130 The free ligand 
27 (0.58 g in 1mL, 1 mM) was dissolved in a minimal amount of CH3CN and diluted to 1mM 
with HEPES buffer. A solution of Zn(NO3)2●6H2O (0.59 g in 1mL, 2 mM) in HEPES buffer 
was titrated into the solution and left to stir for 2 hours. Complexation was confirmed through 
mass spectrometry and 1H NMR spectroscopy.  
 
δH NMR (400 MHz, D2O): 8.67-8.60 (6H, m, H1,11), 8.25 -7.80 (6H, m), 7.78-7.30 (10H, m), 4.36 
(4H, d, J= 4.34, H6), 4.00 (4H, d, J=4.02, H6), 3.88 (4H, s, H5). TOF – MS ES+: 896 a.m.u ([M-
NO3]+).  
 Synthesis	  of	  1,4-­‐[(bis-­‐pyridin-­‐2-­‐ylmethyl-­‐amino)-­‐methyl]-­‐benzene	  (29)22	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29 was synthesised by slight modifications of a previoulsy reported procedure.82 1,4-
bis(bromomethyl)xylene (1.00 g, 3.78 mmol) and DIPEA (0.98 g, 7.58 mmol ) were dissolved in 
100 mL of DCM. DPA (1.51 g, 7.58 mmol) was subsiquently added to the reaction mixture and 
stirred overnight at room temperture. The solvent was removed under reduced pressure. The 
crude oil was dissolved in CHCl3 and the addition of hexanes resulted in the crystalisation of the 
named compound as opaque needle like crystals  
 
Yield = 65 %, 1.23 g. δH NMR (400 MHz, CDCl3): 8.54 (4H, d, J = 4.8, H9), 7.75 (4H, dd, J = 8, 
1.6, H6), 7.63 (4H, d, J = 7.6, H7), 7.39 (4H, s, H1), 7.22 (4H, dd, J = 7.3, 1.4, H8), 3.86 (8H, s, 
H4), 3.72 (4H, s, H3). δC NMR (101 MHz, D2O): 149.2, 136.4, 136.4, 129.1, 122.2, 122.2, 121.7, 
59.3, 58.3. TOF –MS ES+: 501.27 a.m.u ([M+H]+).  
 Synthesis	  of	  1,4-­‐[(bis-­‐pyridin-­‐2-­‐ylmethyl-­‐amino)-­‐methyl]-­‐benzene	  Zinc	  complex	  (30)22	  
 
 
30 was synthesised following a slightly modified reported procedure.22 The free ligand 29 (0.49g, 
0.98 mmol) was dissolved in methanol (10 mL) and a solution of ZnCl2 (0.27g, 1.95 mmol) was 
added dropwise and left to stir overnight. The resulting precipitate was isolated by filteration, 
dissolved in an aqueous solution and recrystalised by the addition of ethanol. The resulting 
precipitate was washed with diethyl ether (2 x 10 mL) to yield 30 as a white amourphous solid.  
 
Yield = 70%, 0.53 g. υ (cm-1) 3064 (C=C), 1607 (C=C), 1446 (C=C), 848 (C-H). δH NMR (400 
MHz, D2O): 8.62 (4H, d J = 5.2, H10), 8.03 (4H, d, J = 7.7, 1.7, H7), 7.56 (4H, dd, J = 5.6, 2.0, 
H9), 7.52 (4H, dd, J = 7.9, 1.6, H8), 7.18 (s, 4H, H1,2), 4.21 (4H, d, J = 16.1, H5), 3.91 (4H, d, J = 
16.0 Hz, H5), 3.68 (4H, s, H4). δC NMR (101 MHz, D2O): 162.2, 154.6, 148.4, 141.5, 131.6, 124.9, 
124.9, 55.8, 55.7, 55.4. E.A found: %C; 49.22; %H; 4.15: %N; 10.67. Calcd for C32H32Cl4N6Zn2 
(= [30]) C; 49.71, H 4.17, N; 10.87.         
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Synthesis	  1,4-­‐[(bis-­‐pyridin-­‐2-­‐ylmethyl-­‐amino)-­‐methyl]-­‐benzene	  Copper	  complex	  (31)	  
 
 
31 was synthesised following a slightly modified reported procedure.82 The free ligand 29 (0.38, 
0.76 mmol) was dissolved in methanol (5 mL), a solution of CuCl2 (0.20 g, 1.52 mmol) was 
titrated into the reaction mixture and stirred overnight at room temperature. The resulting 
precipitate was isolated by filteration and washed with diethyl ether (2 x 10 ml) to yield 31 as a 
blue amorphous solid. 
 
Yield = 53%, 0.30 g. υ (cm-1): 3064 (C=C), 1607 (C=C), 1449 (C=C), 827 (C-H). ESI – MS ES+: 
734.0 a.m.u ([M-Cl]+). E.A Obtained: C; 47.84, H; 4.57, N; 9.97. Calcd for C32H36Cl4Cu2N6O2 
([31]+ 2 H2O): C; 47.71, H 4.50, N; 10.43.         
 Synthesis	  	  of	  [3,5-­‐bis(bromomethyl)benzyl]1-­‐isoindole-­‐1,3-­‐dione	  (32)82:	  
 
 
32 was synthesised by slight modifications of a previoulsy reported procedure.82 1,3,5-
tribromobenzene (10.00 g, 28.20 mmol) was dissolved in dry acetone (100 mL) under an inert 
atmosphere. Potassium carbonate (3.89 g, 28.20 mmol), phthalimide (0.83 g, 5.64 mmol) and 
benzyltriethyl ammoinum chloride (0.14 g, 0.62 mmol) were added to the reaction mixture and 
left to stir overnight at room temperature. The solvent was removed under reduced pressure and 
the resulting brown solid was dissolved in chloroform (50 mL) and washed with 2M NaOH (1 x 
50 mL) and  distilled water (2 x 50 mL). The organic layers were combined and dried over 
magnesium sulfate, filtered  and rotary evaporated to dryness. The crude was absorbed onto silica 
and purified by column chromatography (hexane: DCM gradient) yielding the final compound as 
a white amorphous solid.  
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Yield = 75%, 1.78 g. Rf  0.4 (Hexane/DCM 8:2). δH NMR (400 MHz, CDCl3): 7.85 (2H, dd, J = 
8.8, 3.2, H5), 7.70 (2H, dd, J= 8.4 and 2.8, H6), 7.41 (2H, s, H9), 7.36 (1H, s, H11), 4.85 (2H, s, 
H7), 4.45 (4H, s, H12). δC NMR (CDCl3, 100 MHz): 168.0, 139.0, 134.0, 131.9, 129.3, 129.2, 129.1, 
123.3, 41.0, 32.5. ESI-MS: 424 a.m.u ([M + H]+). 
 Synthesis	   of	   2-­‐(3,5-­‐bis{N,N-­‐bis[(pyridin-­‐2-­‐yl)methyl]-­‐benzyl)-­‐isoindole-­‐1,3-­‐dione	  (33)82:	  	  
 
33 was synthesised by slight modifications of a previoulsy reported procedure.82 32 (1.74 g, 4.11 
mmol) and DIPEA (1.06 g, 8.22 mmol) were dissolved in a DCM (100 mL). DPA (1.63 g, 8.22 
mmol) was added to the reaction mixture and stirred overnight at room temperture. The solvent 
was evaporated under reduced pressure and the crude was purified by column chromatography 
(Alumina, CHCl3) to yield the pure compound as a light brown oil.  
 
Yield = 88%, 2.38 g. Rf  0.6 (Alumina CHCl3). δH NMR (400 MHz, CDCl3): 8.53 (4H, dd, J= 
4.8,1.2, H19), 7.83 (2H, dd, J= 5.2, 2.8, H5), 7.72 (2H, dd J= 5.2, 2.8, H6), 7.57 – 7.63 (8H, m, 
H16,17), 7.40 (1H, s, H11), 7.35 (2H, s, H9), 7.00 (4H, dd, J= 5.6, 2.8, H18) 4.82 (2H, s, H7), 3.76 
(8H, s, H14), 3.63 (4H, s, H13). δC NMR (101 MHz, CDCl3): 167.9, 159.6, 148.1, 139.8, 136.4, 
133.9, 132.1, 128.4, 127.5, 123.3, 122.8, 121.9, 60.0, 58.3, 53.4. ESI – MS: 682.29 a.m.u ([M + 
Na]+).  
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Synthesis	   of	   5-­‐(Aminomethyl)benzene-­‐1,3-­‐bis{N,N-­‐bis[(pyridin-­‐2-­‐yl)	   methyl]	  methanamine}	  (34)82:	  	  
 
34 was synthesised by slight modifications of a previoulsy reported procedure.82 1-phthalimide-
3,5-dimethylpicolyamine benzene (1.00 g, 1.52 mmol) was dissolved in a solution of ethanol and 
chloroform (50:75 mL). Hydrazine hydrate (0.23 g, 7.5 mmol) was added and the solution was 
refluxed overnight. The resulting precipitate was removed by vacuum filtration and the filtrate 
was rotorary eveporated to dryness. The crude was redissolved in CHCl3 and washed with 2M 
pottasium hydroxide (40 mL) and distilled water (3x 40 mL). The organic layers were combined 
and dried over magnesium sulfate, filtered and the filtrate was rotorary evaporated to dryness to 
yield the 34  as a yellow oil.   
 
Yield = 93%, 0.74 g.  δH NMR (400 MHz, MeOD): 8.44 (4H, dd, J= 4.8, 1.2, H12), 7.59 – 7.65 
(8H, m, H9,10), 7.48 (1H, s, H4) 7.36 (2H, s, H2), 7.13 (4H, dd, J = 6.4, 2.0, H11), 4.06 (2H, s, H5), 
3.78 (8H, s, H7), 3.71 (4H, s, H6). δC NMR (101 MHz, MeOH): 159.1, 154.4, 148.0, 137.4, 130.0, 
127.5, 123.4, 122.5, 110.0, 59.3, 59.2, 47.6. ESI – MS: 530.0 a.m.u ([M + H]+).  
 Synthesis	   of	   5-­‐(Aminomethyl)benzene-­‐1,3-­‐bis{N,N-­‐bis[(pyridin-­‐2-­‐yl)	   methyl]	  methanamine}	  Zinc	  complex	  (35):	  	  
 
 
34 (1.72 g, 3.24 mmol) was dissolved in ethanol (40 mL) and an aqueous solution of 
Zn(NO3)2●6H2O (1.93 g, 6.49 mmol ) was added dropwise to the reaction mixture and allowed to 
stir overnight at room temperature. The resulting precipitate was isolated by vacuum filteration, 
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washed with acetonitrile (2 x 10mL) and diethyl ether (2 x 10 mL) to yield the final complex as a 
white amorphous solid.  
 
Yield = 63 %, 1.87 g. υ (cm-1) 1608 (N-H), 1441 (C=C), 1302 (C=C), 770 (C-H). δH NMR (400 
MHz, D2O): 8.45 (4H, d, J= 5.2, H11), 7.95 (4H, dd, J= 8.9, 2.4, H9), 7.51 (4H, dd, J= 6.4, 2.8, 
H10), 7.44 (4H, d, J= 8, H8), 7.25 (1H, s, H4), 7.19 (2H, s, H2), 4.10 (4H, d, J = 16.1, H6), 4.03 – 
3.89 (6H, m, H6,5), 3.75 (4H, s, H5). δC NMR (101 MHz, D2O) 147.9, 141.4, 134.3, 131.5, 124.9, 
124.7, 57.9, 56.8, 42.4. E.A Found: %C; 39.89, %H; 3.74, %N; 15.68. Calcd. for 
C33H43N11O16Zn2 ([35]+ 4 H2O): %C; 40.42, %H; 4.42, %N; 15.71.     
 
 	  Synthesis	   	   of	   5-­‐(Aminomethyl)benzene-­‐1,3-­‐bis{N,N-­‐bis[(pyridin-­‐2-­‐yl)	   methyl]	  methanamine}	  Copper	  complex	  (36)82:	  	  
 
 
 
36 was synthesised via by slight modifications on a previoulsy reported procedure.82 A solution 
of CuCl2 (0.13 g, 1.0 mmol) in MeOH (5 ml) was added dropwise to a solution of the free ligand 
34 (0.25 g, 0.47 mmol) in MeOH (5 mL) and left to stir overnight.  The resultant precipitate was 
isolated by vacuum filteration and washed with EtOH (2 x 10 mL). The bulk was recrystalised 
through the addition of excess NaPF6 to an ethanolic solution of the crude, yielding the final 
complex as a blue amorphous solid.  
 
Yield = 36%, 0.21 g. υ (cm-1): 1612 (N-H), 1446 (C=C), 1291 (C=C), 828 (C=H). TOF – MS: 
266 a.m.u ([M-3PF6]3+/3). E.A Found: %C; 33.01, %H; 2.92, %N; 7.65. Calcd for 
C35H41Cu2F24N7P4O (= [36] + 1 EtOH): %C; 32.77, %H; 3.22, %N; 7.64. 
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Synthesis	   of	   5-­‐Dihydroxyborylbenzyl-­‐1,3-­‐bis{N,N-­‐bis[(pyridin-­‐2-­‐yl)	   methyl]	  methanamine}	  (37):	  
 
 
34 (0.65g, 1.2 mmol) was dissolved in dry methanol (50 mL) in the presence of molecular sieves 
and triethylamine (1 ml). 2-formyl phenyl boronic acid (0.28 g, 1.8 mmol) was added to the 
solution and subsequently heated to 450C, the warm solution was left to stir overnight under inert 
conditions. The solution was removed from the heat and sodium borohydride (0.14 g, 3.7 mmol) 
was added in portions, and the solution was stirred for 2 hours. The solvent was removed under 
reduced pressure and the resultant crude was dissolved in choloroform and washed with water (2 
x 30 mL). The organic layers were dried over magnesium sulfate, filtered and rotary evaporated 
to dryness. The resulting solid was purified by column chromatography  (CHCl3: MeOH 
gradient) to yield 37 as a yellow oil.  
 
Yield = 53 %, 0.43 g. Rf  0.6 (Alumina, CHCl3:MeOH, 9:1). δH NMR (400 MHz, MeOD): 8.45 
(4H, d, J= 3.6, H21), 7.82 (4H, dd, J=7.6, 2, H19), 7.72 (4H, d, J= 7.6, H18), 7.50 (2H, m J= 7.2, 
H4,12), 7.41 (2H, s, H2), 7.33 (4H, dd, J= 6 ,0.8, H20), 7.29 (2H, m, H10,11), 6.98 (1H, d, 7.2, H9), 
3.98 (2H, s, H7), 3.82 (10H, s, H5,16), 3.73 (4H, s, H15). TOF – MS ES+: 686 a.m.u ([M+Na]+).  
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Synthesis	   of	   5-­‐Dihydroxyborylbenzyl-­‐1,3-­‐bis{N,N-­‐bis[(pyridin-­‐2-­‐yl)methyl]	  methanamine}	  Zinc	  complex	  (38):	  	  
 
37 (0.28 g, 0.42 mmol) was dissolved in MeOH (10 mL) and an aqueous solution of 
Zn(NO3)2●6H2O (0.25 g, 0.84 mmol) was subsequently added dropwise to the reaction mixture 
and left to stir overnight. The solvent was removed under reduced pressure and the crude was 
recrystallised from methanol/diethyl ether to yield the final complex as a white amorphous solid. 
 
Yield = 59%, 0.26 g.  υ (cm1): 3386 (O-H), 3010 (N-H), 755 (C-H). δH NMR (400 MHz, 
CD3CN): 8.79 (4H, d, J = 5.2, H11), 8.10 (4H, dd, J = 7.7, 1.7, H9), 7.68 (4H, dd, J = 6.5, 2.0, 
H10), 7.62 – 7.54 (5H, m, H8,19), 7.54 – 7.46 (3H, m, H16-18), 7.37(2H, s, H2), 7.14 (1H, s, H4), 4.35 
(2H, s, H14), 4.24 (6H, m, H6,12), 3.88 (8H, m, H5,6). δC NMR (101 MHz, MeOD): 163.6, 153.7, 
146.4, 140.2, 133.7,133.3, 132.3, 128.4, 127.8, 123.6, 123.6, 123.6, 54.1, 54.1, 50.2, 50.2, 48.3. δB 
NMR (128 MHz, MeOD): 20 ppm. E.A Found: % C; 43.67, %H; 4.68, %N; 14.05. Calcd for 
C40H48BN11O17Zn2 (= [37] + 3 H2O): %C; 43.82, %H; 4.41, %N; 14.05.  
 
 Synthesis	   of	   5-­‐chlorobenzyl-­‐1,3-­‐bis{N,N-­‐bis[(pyridin-­‐2-­‐yl)methyl]methanamine}	  Copper	  complex	  (39)	  
                                    
 
37 (0.16 g, 0.24 mmol) was dissolved in methanol (10 mL), an aqueous solution of CuCl2 (0.06 g, 
0.48 mmol) was added dropwise to the reaction mixture and left to stir for 1 hour. The reaction 
vessel was sealed overnight at room temperature and the resulting precipitate was isolated by 
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vacuum filteration. Recrystalisation from methanol/diethyl ether resulted in gelation of the 
compound. A single crystal of 39 was obtained by slow evaporation from a H2O/EtOH slution 
of the resultant precipitate. TOF – MS ES+: 330 a.m.u ([M-3Cl]3+/3).   
 Synthesis	  of	  4-­‐(bromomethyl)benzyl]1-­‐isoindole-­‐1,3-­‐dione	  (40)	  
 
 
 
1,4-bis(bromomethyl)xylene (0.50 g, 1.8 mmol) was dissolved in acetone (50 ml); phthalimide 
(0.28 g, 1.8 mmol), potassium carbonate (0.26 g, 1.8 mmol), and benzyltriethylammonium 
chloride (0.023 g, 0.1 mmol) were subsequently added and the solution was stirred at room 
temperature overnight.  The solvent was evaporated under reduced pressure. The resultant solid 
was dissolved in water (50 mL) and the crude was extracted with chloroform (2x 50 ml). The 
organic layers were dried over anhydrous sodium sulphate, filtered and concentrated by rotatory 
evaporation. Column chromatography (Hexane: DCM gradient) of the crude yielded 40 as white 
flakes. 
 
Yield = 76 %, 0.47g. Rf  0.4 (Hexane/DCM 8:2). δH NMR (400 MHz, CDCl3): 7.8 (2H, dd, J = 
5.4, 3.0, H4), 7.75 (2H, dd, J = 5.2, 2, H3), 7.46 (2H, d, J = 8, H8), 7.38 (2H, d, J = 8.4, H7), 4.87 
(2H, s, H5), 4.48 (2H, s, H10). TOF – MS ES+: 329 a.m.u ([M+H]+).  
 Synthesis	  of	  4	  -­‐{N-­‐[(pyridin-­‐2-­‐yl)methyl]-­‐benzyl)-­‐isoindole-­‐1,3-­‐dione	  (41):	  	  
 
 
 
40 (1.00 g, 3.02 mmol) and DIPEA (0.39 g, 3.02 mmol ) were dissolved DCM (100 mL), DPA 
(0.60 g, 3.02 mmol)  was added to the reaction mixture and the solution was left to stir overnight. 
The solvent was removed under reduced pressure and the crude was purified by column 
chromatography (Alumina, CHCl3) to yield  41 as a light  brown oil.  
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Yield = 88 %, 1.19 g. Rf : 0.5 (CHCl3). δH NMR (400 MHz, CDCl3): 8.51 (2H, dd, J = 4.5, 1.3, 
H16), 7.87 (2H, dd, J = 5.4, 3.0, H3), 7.73 (2H, dd, J = 5.6, 3.2 H4), 7.66 (2H, dd, J = 7.6, 1.8, H13), 
7.57 (2H d, J = 7.8, H14), 7.43 – 7.35 (4H, m, H8,7), 7.14 (2H, dd, J = 7.3, 1.3, H15), 4.84 (2H, s, 
H5), 3.79 (4H, s, H11), 3.66 (2H, s, H10). TOF – MS ES+: 448 a.m.u ([M+H]+). 
 Synthesis	   of	   4-­‐(Aminomethyl)benzene-­‐1-­‐{N-­‐bis[(pyridin-­‐2-­‐yl)methyl]methanamine}	  (42):	  	  
 
42 (1.36 g,  3.0 mmol) was dissolved in 1 part ethanol  (50 mL ) and 2 parts chloroform (25 mL); 
hydrazine hydrate (0.45 g, 15 mmol) was subsiquently added and the solution was refluxed 
overnight. The resulting precipitate was removed by vacuum filtration and the filtrate was 
rotorary evaporated to dryness. The crude was redissolved in CHCl3 and washed with 2M 
pottasium hydroxide (40 mL) and distilled water (3x 40 mL). The organic layers were dried over 
magnesium sulfate, filtered and rotoarary evaporated to dryness to yield the named compound as 
a light brown oil.  
Yield = 77%, 0.74 g. δH NMR (400 MHz, CDCl3): 8.53 (2H, dd, J = 4.9, 1.3, H12), 7.76 (2H, dd, J 
= 7.6, 1.6, H10), 7.62 (2H, d, J = 8, H9), 7.39 (2H, d, J = 8, H2), 7.29 (2H, d, J = 4.4, H3), 7.16 
(2H, dd, J = 6, 1.2, H11), 3.87 (2H, s, H6), 3.81(4H, s, H7), 3.69 (2H, s, H5). δC NMR (101 MHz, 
CDCl3): 160.0, 148.2, 141.2, 137.4, 136.6, 129.2, 127.0, 122.9, 121.7, 59.9, 58.1, 46.1. TOF – MS 
ES+: 319.19 a.m.u ([M+H]+).   	  Synthesis	  	  4-­‐Dihydroxyborylbenzyl-­‐1-­‐{N-­‐bis[(pyridin-­‐2-­‐yl)methyl]methanamine}	  (43)	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42 (0.88 g, 2.70 mmol) and triethylamine (1.5 ml) were dissolved in dry methanol (50 mL) with 
molecular sieves. 2-formyl phenyl boronic acid (0.62 g, 4.1 mmol) was added drop wise to the 
reaction mixture and the solution was heated to 45°C and left to stir overnight under inert 
conditions. The reaction was removed from the heat and sodium borohydride (0.31 g, 8.1 mmol) 
was added in portions and the mixture was left to stir for 2 hours. The solvent was removed 
under reduced pressure and the crude was dissolved in choloroform and washed with water  (2 x 
30 mL). The organic layers were dried over magnesium sulfate, filtered and evaporated to 
dryness. The resulting solid was purified by column chromatography (CHCl3:MeOH gradient) to 
yield 43 as a brown oil.  
 
Yield = 42 %, 0.53 g. δH NMR (400 MHz, MeOD): 8.81 (2H, dd, J = 5.8, 1.6, H20), 8.30 (2H, dd, 
J = 7.8, 1.7, H18), 7.86 (2H, d, J = 7.9, H17), 7.78 (3H, m, H12,19), 7.71 (2H, d, J = 7.6, OH), 7.48 – 
7.38 (7H, m, H2,3, 9-11), 5.42 (2H, s, H7), 4.35 (4H, s, H15), 4.07 (2H, s, H5), 4.03 (2H, s, H14). δC 
NMR (101 MHz, MeOD): 159.5, 159.2, 153.3, 144.3, 137.1, 135.8, 133.6, 131.8, 130.4, 128.9, 
128.1, 127.0, 125.9, 125.1, 124.9, 58.5, 57.1, 56.6, 42.3. ESI – MS: 453 a.m.u ([M+H]+).  
 
 Synthesis	  of	  4-­‐Dihydroxyborylbenzyl-­‐1-­‐{N-­‐bis[(pyridin-­‐2-­‐yl)methyl]methanamine}	  Zinc	  complex	  (44)	  	  	  	  
 
 
1-phenyl boronic acid-4-dipicolyaminebenzene (0.44 g, 0.97 mmol) was dissolved in methanol 
(10 mL), followed by the subsiquent dropwise addition of ZnCl2 (0.13g, 0.97 mmol). The 
reaction mixture was allowed to stir overnight at room temperature and the resulting precipitate 
was isolated by filteration. The crude was washed with diethyl ether (2 x 10 ml) to yield the 
named compound as a white amorphous solid. Impurities were present within this complex 
(determined through elemental analysis) and therefore an accurate percentage yield can not be 
given.  
 
δH NMR (400 MHz, D2O): 8.63 (2H, d, J = 5.1, H20), 8.00 (2H, dd, J = 7.6, 1.2, H18), 7.54 (2H, 
dd, J = 5.6, 1.7, H19), 7.49 (2H, d, J = 8, H17), 7.41 – 7.34 (6H, m, H2-5, 11), 7.25 (2H, d, J= 8.4, 
H12), 4.28 (2H, d, J = 16.1, H15), 4.11 (2H, s, H7), 4.09 (2H, s, H9), 3.89 (2H, d, J = 16.0, H15), 
3.73 (2H, s, H14). δC NMR (101 MHz, D2O): 166.5, 164.1, 158.3, 155.9, 147.9, 146.9, 140.8, 141.2, 
132.1, 132.3, 129.8, 129.5, 129.2, 124.8, 124.7, 55.3, 55.2, 55.1, 50.7.  
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Synthesis	   of	   5-­‐chlorobenzyl-­‐1-­‐{N-­‐bis[(pyridin-­‐2-­‐yl)methyl]methanamine}	   Copper	  complex	  (45)	  	  	  	  
 
 
 
43 (0.44 g, 0.97 mmol) was dissolved in methanol (10 mL) and CuCl2 (0.13 g, 0.97 mmol) was 
added dropwise to the solution and left to stir overnight at room temperature. The resulting 
precipitate was isolated by filteration and washed with diethyl ether (2 x 10 ml) to yield 45. A 
single crystal of the complex was obtained by slow evaporation from a H2O/EtOH mixture.  
 	  Synthesis	  of	  1,10-­‐phenanthroline-­‐5-­‐dihydroxyborylbenzyl	  (46)	  
 
 
1’10 phenanthroline – 5- amine (2.00 g, 10.2 mmol) was dissolved in TFA (5 mL) under inert 
conditions. NaBH4 (0.39 g, 10.2 mmol) was subsequently added to the stirred solution followed 
by the dropwise addition of 2 – formyl phenyl boronic acid (2.30 g, 15.3 mmol) in dry DCM. The 
solution was stirred over night at room temperature. The solvent was removed over a flow of 
nitrogen and the resultant oil was dissolved in distilled water and stirred overnight at 50°C. The 
orange precipitate was isolated by vacuum filtration, washed with water (2 x 10 mL) and diethyl 
ether (2 x 20 mL) to yield 46 as a yellow amorphous solid.  
 
Yield = 55 %, 1.84 g. υ (cm-1) 3270 (O-H), 1658 (C=C), 1592 (C=C), 710 (C-H). δH NMR (400 
MHz, DMSO): 9.28 (1H, dd J= 4.4, 1.6, H10), 9.13 (1H, dd J= 8.4, 1.6, H8), 8.78 (1H, dd J= 5.2, 
1.2, H1), 8.68 (1H, dd, J= 8.4, 1.6, H3), 8.31 (2H, s, H19) 8.10 (1H, dd, J= 8.4, 4.4, H9), 7.98 (1H, 
dd J= 8.4, 5.2, H2), 7.86 (1H, t, J = 5.2, H11) 7.61 (1H, d J= 8, H17), 7.41 (1H, dd J = 6.8, 2.0, H14), 
7.30 (1H, dd, J= 7.6, 1.6, H15), 7.24 (1H, dd J= 7.2, 1.2, H16), 6.88 (1H, s, H5), 4.81 (2H, s, H12). 
δC NMR (101 MHz, DMSO): 161.8, 151.0, 150.8, 150.7, 141.4, 139.5, 135.6, 135.6,135.7, 134.6, 
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129.5, 129.0, 127.3, 125.8, 124.8, 123.4, 120.0, 118.4, 97.4, 47.8. TOF – MS ES+: 330 a.m.u 
([M+H]+).  
 Synthesis	  of	  1-­‐Butyl-­‐3-­‐isoquinolin-­‐5-­‐yl-­‐urea	  (47)45	  
 
 
 
47 was synthesised by slight modifications of a previoulsy reported procedure.45 5-
Aminoisoquinoline (0.25 g, 1.73 mmol) was suspended in dry dichloromethane (20 mL) followed 
by the addition n-butylisocyanate (0.85 g, 8.67 mmol). The reaction mixture was stirred at room 
temperature for 5 days. Precipitation occurred upon the addition of hexanes (10 mL).  The solid 
was isolated by filtration and washed with hexane (2 x 5 mL) to yield the final complex as a white 
amorphous solid. 
 
Yield = 90%, 0.38 g. υ (cm-1): 3340 (N-H), 3267 (N-H), 1629 (C=O), 1567 (C=C). δH NMR (400 
MHz, CDCl3): 9.15 (1H, s, H9), 8.34 (1H, d, J = 5.9, H1), 8.01 (1H, d, J = 7.3, H5), 7.92 (1H, d, J 
= 6.0, H2), 7.71 (1H, d, J = 8.2, H7), 7.61 – 7.52 (2H, m, H6,10), 5.59 (1H, s, H12), 3.30 (2H, q, J = 
6.6, H13), 1.52 (2H, m, H14), 1.38 (2H, m, 2H), 0.93 (3H, t, J = 7.3, H16). δC NMR (101 MHz, 
CDCl3): 169.2, 156.4, 151.7, 141.0, 134.9, 127.7, 125.7, 124.5, 119.6, 115.8, 40.1, 32.1, 19.7, 13.9. 
TOF – MS ES+: 244.14 a.m.u ([M+H]+).  
 Synthesis	  of	  1,10-­‐phenanthroline-­‐5-­‐dihydroxyborylbenzyl	  platinate(II)	  dichloride	  (48)	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46 (0.05 g; 0.15 mmol) was heated to 50°C in 5ml DMSO. K2PtCl4 (0.06 g; 0.15 mmol) was 
simultaneously dissolved in a 0.5 mL DMSO: H2O mixture (3:1) and heated to 50°C. Once both 
solutions became clear, the hot solution of 46 was slowly added to K2PtCl4 and stirred at 70°C 
for 2.5 hours. The solution was removed from the heat and the water was removed under 
reduced pressure. The resultant solution was allowed to stand and the crude product precipitated 
after four days. The solid was isolated by filtration and washed with cold methanol (2 x 10 mL) 
to obtain pure 48 as an orange amorphous solid.  
 
Yield = 9.9 %, 9.00 mg. υ (cm-1): 3371 (O-H), 1626 (C=C), 1599 (C=C), 708 (C-H). δH NMR 
(400 MHz, DMSO): 9.68 (1H, d, J = 5.6, H10), 9.29 (1H, d, J = 8.4, H8), 9.20 (1H, d, J = 5.2, H1), 
8.43 (1H, d, J = 8.4, H3), 8.19 (2H, s, 2OH), 8.12 (1H, dd, J = 8.4, 5.6, H9), 7.87 (1H, t , J = 4.4, 
H11),  7.81 (1H,  dd J = 8.4, 5.6, H2), 7.55 (1H, dd, J = 7.2, 1.2, H17), 7.42 (1H, d, J = 7.6, H14), 
7.31 (1H, dd J = 7.2, 1.6, H16), 7.24 (1H,  dd J = 7.2, 1.2, H15), 6.79 (1H, s, H5), 4.78 (2H, d, J = 
5.2, H12). δC NMR (101 MHz, DMSO): 178.2, 165.1, 164.5, 149.5, 144.2, 136.2, 135.1, 133.9, 
129.5, 127.0, 126.9, 126.7, 126.2, 125.3, 120.3, 117.3, 114.9, 47.6. TOF – MS ES+: 618 a.m.u 
([M+Na]+). E.A Found: %C; 36.00; %H; 2.75; %N: 6.22. Calcd for C19H20BCl2N3O4Pt (= [48] + 
2H2O): %C; 36.21; %H; 3.04; %N; 6.67. 
 
 Synthesis	  of	  [(23)bis(25)platinate(II)]	  bis(OTf)	  (49)	  
 
 
 
The phenantroline complex 48 (0.20 g, 0.33 mmol) was dissolved in the minimum amount of 
DMSO (1 ml) and stirred under an inert atmosphere in the absence of light. A solution of silver 
triflate (0.26 g, 1.01 mmol) in 10% triflic acid was added to the solution and left to stir for 24 
hours at room temperature. The solution was filtered to remove any silver chloride and the 
filtrate was re-reacted in the same manner - with silver triflate in a silver triflate solution  (10%) 
for 24 hours. The mixture was filtered and the filtrate was degassed for 10 minutes. Dry MeOH 
(50 mL) was subsequently added to the reaction mixture, followed by the addition of 47 (0.16g, 
0.66 mmol) and the reaction was taken to methanolic reflux for 24 hours. The hot solution was 
filtered to remove any un-complexed platinum and the solvent was removed under reduced 
pressure. The crude oil was sonicated in toluene to remove any uncoordinated 47 and further 
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purified by column chromatography (DCM:MeOH). The resultant oil was recrystallised from 
DCM/H2O to yield 49 as a red amorphous solid. 
 
Yield = 11%, 0.05 g. υ (cm-1): 3372 (O-H), 3106 (N-H), 1630 (C=O), 1438 (C=C). δH NMR (400 
MHz, MeOH) 10.12 (2H, s, H30), 9.31 (1H, s,), 8.97 (1H, s), 8.85 (1H, s), 8.52 (1H, d, J = 8.0), 
8.20 -7.80 (12H, m), 7.65 (4H, m), 7.51 (1H, d, J= 8,), 7.38 (1H, t, J= 8,), 7.30 (1H, s), 7.08 (1H, 
s), 7.07 (1H, s, H6), 4.77 (2H, s, H14), 3.14 (4H, m, H33), 1.53 – 1.41 (4H, m, H34), 1.40-1.27 (4H, 
m, H35) 0.87 (6H, m, H36). δB NMR (400 MHz, CDCl3): 28 (s). TOF – MS ES+: 1159.52 a.m.u 
([M-SO3CF3]+) and 505.35 a.m.u ([M -2 SO3CF3]2+/2). E.A Found: %C; 42.87, %H; 3.49, %N; 
8.68. Calcd for C49.5H50.5BF7.5N9O10.5PtS1.5 (= [M]+ 1 mol triflic acid): C: 42.89; H: 3.49; N: 8.83. 
 Synthesis	  of	  [2-­‐(2-­‐Ureido-­‐ethyldisulfanyl)-­‐ethyl]-­‐dibenzylurea	  (50)38	  
 
 
[2-(2-Ureido-ethyldisulfanyl)-ethyl]-dibenzylurea was synthesised according to a reported 
literature procedure.38 Ethanamine,2,2 dithiobis (0.20 g, 1.3 mmol) was dissolved in dry 
acetonitrile (10 ml) under inert conditions. Phenylisocyanate (0.31 g, 2.6 mmol) was subsequently 
added to the reaction mixture and the solution was gently refluxed overnight. After cooling to 
room temperature, the resulting precipitate was isolated by vacuum filtration, and washed with 
water (2 x 10 ml) and diethylether (2 x 10 ml) to afford 50 as a white amorphous solid.  
 
Yield = 41%, 0.21 g. δH NMR (400 MHz, DMSO): 8.60 (2H, s, H5), 7.43 (2H, d, J= 7.6, H9), 7.21 
(4H, dd, J = 8.4, 1.6, H8), 6.87 (4H, dd, J= 7.2, 1.4, H7), 6.21 (2H, t, J= 5.6, H3), 3.45 – 3.40 (4H, 
m, H1), 2.81 (4H, t, J =6.6, H2). TOF – MS ES+: 391 a.m.u ([M+H]+).  
 Synthesis	  of	  [2-­‐(2-­‐Ureido-­‐ethyl	  lead	  disulfanyl)-­‐ethyl]-­‐dibenzylurea	  (51)38	  	  
 
 
 
 2-(2-Ureido-ethyl lead disulfanyl)-ethyl]-dibenzylurea was synthesised according to a reported 
literature procedure.38 The thio- urea 50 (0.21 g, 0.54 mmol) and triphenylphosphine (0.28 g, 1.07 
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mmol) were suspended in degassed 1,4-dioxane (8 ml) with water (1 ml). Two drops of 
concentrated HCl were added to the reaction mixture and the solution was taken to reflux 
overnight under inert conditions. The reaction was allowed to cool to 40 °C, after which lead 
acetate (0.24 g, 0.54 mmol) was added along with 1 ml of acetone (to aid its solubility) and stirred 
for 1 hour. The reaction mixture was cooled to room temperature and the resultant precipitate 
was isolated by vacuum filtration. The solid was washed with water (10 ml), acetone (10 ml) and 
diethyl ether (2 x 10 ml) to yield 51 as a white amorphous solid.  
 
 
Yield = 50%, 0.16 g.  δH NMR (400 MHz, DMSO): 8.56 (1H, s, H5), 7.39 (2H, d, J= 7.6, H9), 
7.21 (4H, dd, J= 8, 1.4, H8), 6.8 (4H, dd, J= 7.2 , 1.6, H7), 6.26 (1H, t, J= 5.6, H3), 3.59 (2H, t, J = 
7.2, H1), 3.26 (2H, m, H1). δC NMR (101 MHz, DMSO): 155, 140, 130, 121, 118, 45, 28. TOF – 
MS ES+: 597 a.m.u ([M+H]+).   	  Synthesis	  of	  1-­‐(2-­‐Mercapto-­‐ethyl)-­‐3-­‐phenyl-­‐urea	  (52)38	  
 
 
1-(2-Mercapto-ethyl)-3-phenyl-urea was synthesised according to a reported literature protocol.38 
The thio urea 51 (0.10 g, 0.17 mmol) was suspended in methanol and 10 ml of HCl (0.24 M) was 
subsequently added to the reaction mixture. The solution was stirred for 2 hours, after which a 
white precipitate was isolated by vacuum filtration and washed with chloroform (2 x 10 ml). The 
filtrate was evaporated to dryness under reduced pressure to yield 52 as a white amorphous solid. 
 
Yield = 66%, 0.02 g. υ (cm-1):  3305 (N-H), 1635 (C=O), 1590 (C=C). δH NMR (400 MHz, 
DMSO): 8.56 (1H, s, H6), 7.39 (1H, d, J = 8.1, H10), 7.22 (2H, dd, J = 7.8, 1.0, H9), 6.90 (2H, dd, 
J = 7.3, 1.5, H8), 6.39 (1H, s, H4), 3.25 (2H, t, J = 6.8, H3), 2.37 (2H, dt, J = 8.6, 2.0, H2) 2.26 (1H, 
t, J = 8.8, H1). δC NMR (101 MHz, DMSO): 155.5, 140.9, 129.1, 121.5, 118.1, 42.9, 40.6. TOF – 
MS ES+: 197 a.m.u  ([M+H]+).  
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Synthesis	  of	  bis[(23)(30)platinate(II)]	  dichloride	  (53)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
 
 
The thiol 52 (0.05 g, 0.25 mmol) and potassium tert-butoxide (28.5 mg, 0.25 mmol) were stirred 
for five minutes in dry, degassed methanol. The phenanthroline ligand 47 (0.15 g, 0.25 mmol) 
was added and the reaction mixture was stirred at reflux overnight under the absence of light. 
The hot solution was filtered and the filtrate was left to stand for 2 hours, after which a 
precipitate was isolated by vacuum filtration.  Washing with cold methanol (2 x 5 ml) and diethyl 
ether (2 x 10 ml) yielded the final complex as an orange amorphous solid. NMR analysis of this 
complex is not detailed due to the complex nature of the spectrum obtained (see Appendix 1).   
 
Yield = 18%, 0.07 g. υ (cm-1): 3270 (O-H), 1658 (C=O), 1590 (C=C), 710 (C-H). TOF – MS 
ES+: 719 a.m.u ([M – 2Cl]2+/2). E.A Found: %C: 42.86, %H: 3.27, %N: 8.44. Calcd. for 
C56H54B2Cl3N10O6Pt2S2K. (= [53]+ KCl): % C: 42.45, %H: 3.43, %N: 8.84. 
 7.2	  Biological	  Methods	  
 
Protein Expression and Purification: The purified lipid binding domain SopB was kindly donated by 
Lok Hang Mak of Imperial College and was purified according to a published procedure.59  
 
Phosphatase Enzyme Assay with Inositol Phospholipid Substrates (Phosphatase Assay) 
 
The PIPs were presented to receptors as mixed micelles. Therefore the PIPs were sonicated in a 
water and octyl glucoside (90 μM) mixture for 15 minutes. A solution of the PIP (30 μM) was 
spotted onto a nitrocellulose plate followed by the addition of the receptor (50 μM) in a 100 μM 
Tris buffer solution at pH 7.4 with 4 mM MgCl2 and incubated for 15 minutes. The phosphatase 
enzyme (Sop B – 0.9 μM) was added to mixture and the solution was incubated for 30 minutes at 
37°C. The reactions were terminated by the addition of colour reagent (6 mM Malachite green 
oxalate, 19 mM ammonium heptamolybdate, 77 mM Bismuth citrate and 17 % v/v HCl) to 
quantify the amount of phosphate released. The reagent works by forming a phosphomolybdate 
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complex in the presence of phosphate (H3PO4) under acidic conditions. The mixture was allowed 
to develop for 10 minutes and then the absorbance was read at 625 nm. All assays were 
performed in a 96-well microtiter pate and two controls were developed. The first was a negative 
control, were the assay was performed without the addition of the receptor (water used to 
alleviate concentration discrepancies). The background levels were determined by the second 
control, where the Sop B was added after incubation.  
 
Phosphatase Assay with OMFP as Substrate  
 
3-O-Methyl-fluorescein phosphate cyclohexylammonium salt (OMFP) was dissolved in DMSO 
to a concentration of 20 mM and then further diluted with 1% (v/v) DMSO to the working 
concentration (200 μM). Assays were performed in 100 mM Tris (pH 7.4) containing 4 mM of 
MgCl2. Reactions were initialised by adding OMFP (0.1 μM) to the enzyme-buffer or enzyme-
receptor-buffer solution (50 μM or 25 μM of receptor and 0.9 μM of PTPMT1 phosphatase 
enzyme). The hydrolysis of OMFP to OMF, was monitored by the change in florescence in a 96-
well microtiter plate (excitation at 485 nm and emission at 525 nm).  
 
Phosphatase Assay with metal salts   
 
Assays were performed in 100 mM Tris (pH 7.4) containing 4 mM of MgCl2. Reactions were 
initialised by adding OMFP to the enzyme-buffer or enzyme-metal-buffer solution. A 1 mM 
solution of the metal salts (ZnCl2 and CuSO4) was prepared and the volume used adjusted to 
achieve the desired end concentration, the PTPMT1 phosphatase enzyme (0.9 μM) and OMFP 
(0.1 μM) was used in each case. The hydrolysis of OMFP to OMF, was monitored by the change 
in florescence in a 96-well microtiter plate (excitation at 485 nm and emission at 525 nm).  	  7.3	  Indicator	  Displacement	  Assay	  Methods	  
 
Jobs Plots 
The Jobs method was used to determine the receptor – dye stoichiometry. The concentration of 
the dye (250 μM) and the receptor (250 μM) were held constant but their molar fractions were 
varied from 0 to 1. The UV-Vis response was recorded; all studies were performed in HEPES 
buffer (100 μM) at pH 7.4 on a 96-well microtiter pate.  
 
Binding Studies  
The binding affinities of the receptors to the various anions (or dye) were determined through 
titration studies using indicator displacement assays. 25 μL of the host (250 μM or 500 μM) was 
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spotted onto a 96-well microtiter plate; the host was either the dye (to determine receptor- dye 
Ka) or the complimentary receptor-dye combination (to determine receptor – anion Ka). 
Incremental volumes of the guest (250 μM - the receptor or the anion) was subsequently titrated 
to the host and the UV-Vis absorbance was measured, 390-700 nm. The change in absorbance at 
440 nm was used to determine the titration isotherm. All studies were performed in HEPES 
buffer (100 μM) on a 96-well microtiter plate at pH 7.4.  
 
Pattern Recognition  
The fingerprints used for pattern recognition were developed using the following procedure. The 
appropriate concentration of the dye was bound to the receptor according to the stoichiometry 
required (final concentration in well equalled 31 μM - see Table 3), in a 96-well microtiter pate. 
25 μL of an anion (final concentration in well equalled 31 μM) was added to each well and the 
UV-Vis response was recorded. The assays were conducted in HEPES buffer (100 μM) at pH 
7.4.   
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Appendix 3 - MatLab Scripts   
 
 
Hierarchical cluster analysis script, generated using MatLab manual as reference:  
    
   clustergram(fullspectra(:,2:end)),	  
	  
The dissimilarity matrix produced from hierarchical cluster analysis: 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Node Group 1 Group 2 Dissimilarity No. of objects 
1 Phos Phos 0.293 2 
2 Node 1 Phos 0.293 3 
3 PIP3 PIP3 0.323 2 
4 Node 3 PIP3 0.324 3 
5 ATP ATP 0.349 2 
6 ATP Node 5 0.349 3 
7 Sulp Sulp 0.52 2 
8 Node 7 Sulp 0.52 3 
9 PIP2 PIP2 0.609 2 
10 PIP2 Node 9 0.61 3 
11 Pyro Pyro 0.839 2 
12 Node 11 Pyro 0.839 3 
13 Node 2 Node 8 1.145 6 
14 ADP ADP 1.151 2 
15 ADP Node 14 1.152 3 
16 Node 10 Node 4 1.364 6 
17 Node 6 Node 16 3.068 9 
18	   Node	  15	   Node	  12	   3.148	   6	  
19	   Node	  17	   Node	  13	   3.778	   15	  
20	   Node	  18	   Node	  19	   6.018	   21	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Principle component analysis  
 
mapcaplot(fullspectra) 
[pc, zscores, pcvars] = princomp(fullspectra); 
   figure 
   scatter(zscores(:,1),zscores(:,2)); 
   xlabel('First Principal Component'); 
   ylabel('Second Principal Component'); 
   title('Principal Component Scatter Plot'); 
   
   figure 
pcclusters = clusterdata(zscores(:,1:2),7); 
gscatter(zscores(:,1),zscores(:,2),pcclusters) 
xlabel('First Principal Component'); 
ylabel('Second Principal Component'); 
title('Principal Component Scatter Plot with Coloured Clusters'); 
	  
	  
	  
	  
Seven-digit string code used to represent anions in ANN: 
 
 
ADP       1000000 
ATP        0100000 
PPi          0010000 
HPO42-    0001000 
SO42-       0000100 
PIP2             0000010 
PIP3        0000001 
	  
	  
 
X-Ray crystallography Data 
 
X-ray structure of 24 
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Table 1. Crystal data and structure refinement for 24. 
 
Formula C45 H45 N9, 2(H2 O) 
Formula weight 747.93 
Temperature 173 K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Monoclinic, P2(1)/n 
Unit cell dimensions a = 9.8230(4) Å α = 90° 
 b = 40.2936(17) Å β = 
115.373(6)° 
 c = 11.3409(6) Å γ = 90° 
Volume, Z 4055.8(4) Å3, 4 
Density (calculated) 1.225 Mg/m3 
Absorption coefficient 0.078 mm-1 
F(000) 1592 
Crystal colour / morphology Colourless platy needles 
Crystal size 0.41 x 0.14 x 0.03 mm3 
θ range for data collection 3.07 to 29.06° 
Index ranges -13<=h<=11, -54<=k<=50, -
10<=l<=15 
Reflns collected / unique 30733 / 9282 [R(int) = 0.0400] 
Reflns observed [F>4σ(F)] 6473 
Absorption correction Analytical 
Max. and min. transmission 0.998 and 0.987 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9282 / 4 / 522 
Goodness-of-fit on F2 1.076 
Final R indices [F>4σ(F)] R1 = 0.0665, wR2 = 0.1166 
R indices (all data) R1 = 0.1033, wR2 = 0.1315 
Extinction coefficient 0.0026(3) 
Largest diff. peak, hole 0.194, -0.204 eÅ-3 
Mean and maximum shift/error 0.000 and 0.000 
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Table 2. Bond lengths [Å] and angles [°] for 24 
 
C(1)-C(6) 1.389(3) 
C(1)-C(2) 1.393(2) 
C(1)-C(7) 1.513(2) 
C(2)-C(3) 1.389(2) 
C(3)-C(4) 1.393(2) 
C(3)-C(23) 1.514(2) 
C(4)-C(5) 1.395(2) 
C(5)-C(6) 1.396(2) 
C(5)-C(39) 1.518(3) 
C(7)-N(8) 1.461(2) 
N(8)-C(16) 1.461(2) 
N(8)-C(9) 1.465(2) 
C(9)-C(10) 1.506(3) 
C(10)-N(11) 1.348(2) 
C(10)-C(15) 1.382(3) 
N(11)-C(12) 1.341(3) 
C(12)-C(13) 1.371(4) 
C(13)-C(14) 1.382(3) 
C(14)-C(15) 1.386(3) 
C(16)-C(17) 1.507(3) 
C(17)-N(18) 1.340(2) 
C(17)-C(22) 1.386(3) 
N(18)-C(19) 1.345(3) 
C(19)-C(20) 1.374(3) 
C(20)-C(21) 1.379(3) 
C(21)-C(22) 1.381(3) 
C(23)-N(24) 1.467(2) 
N(24)-C(32) 1.462(2) 
N(24)-C(25) 1.463(2) 
C(25)-C(26) 1.509(3) 
C(26)-N(27) 1.338(3) 
C(26)-C(31) 1.376(3) 
N(27)-C(28) 1.344(3) 
C(28)-C(29) 1.365(4) 
C(29)-C(30) 1.368(4) 
C(30)-C(31) 1.390(3) 
C(32)-C(33) 1.512(3) 
C(33)-N(34) 1.342(2) 
C(33)-C(38) 1.375(3) 
N(34)-C(35) 1.338(3) 
C(35)-C(36) 1.365(3) 
C(36)-C(37) 1.374(3) 
C(37)-C(38) 1.386(3) 
C(39)-N(40) 1.461(2) 
N(40)-C(48) 1.463(2) 
N(40)-C(41) 1.475(2) 
C(41)-C(42) 1.501(3) 
C(42)-N(43) 1.342(2) 
C(42)-C(47) 1.379(3) 
N(43)-C(44) 1.339(3) 
C(44)-C(45) 1.369(3) 
N(40)-C(39)-C(5) 114.13(14) 
C(39)-N(40)-C(48) 110.38(15) 
C(39)-N(40)-C(41) 110.97(14) 
C(45)-C(46) 1.361(3) 
C(46)-C(47) 1.381(3) 
C(48)-C(49) 1.509(3) 
C(49)-N(50) 1.341(2) 
C(49)-C(54) 1.380(3) 
N(50)-C(51) 1.344(3) 
C(51)-C(52) 1.365(3) 
C(52)-C(53) 1.373(3) 
C(53)-C(54) 1.382(3) 
C(16)-N(8)-C(9) 111.09(15) 
C(7)-N(8)-C(9) 111.12(14) 
N(8)-C(9)-C(10) 113.06(16) 
N(11)-C(10)-C(15) 122.15(19) 
N(11)-C(10)-C(9) 114.61(18) 
C(15)-C(10)-C(9) 123.14(16) 
C(12)-N(11)-C(10) 117.1(2) 
N(11)-C(12)-C(13) 124.4(2) 
C(12)-C(13)-C(14) 118.1(2) 
C(13)-C(14)-C(15) 118.8(2) 
C(10)-C(15)-C(14) 119.4(2) 
N(8)-C(16)-C(17) 113.19(15) 
N(18)-C(17)-C(22) 122.11(18) 
N(18)-C(17)-C(16) 115.36(16) 
C(22)-C(17)-C(16) 122.51(17) 
C(17)-N(18)-C(19) 117.46(18) 
N(18)-C(19)-C(20) 124.0(2) 
C(19)-C(20)-C(21) 118.0(2) 
C(20)-C(21)-C(22) 119.2(2) 
C(21)-C(22)-C(17) 119.27(19) 
N(24)-C(23)-C(3) 113.38(15) 
C(32)-N(24)-C(25) 111.76(15) 
C(32)-N(24)-C(23) 110.93(15) 
C(25)-N(24)-C(23) 111.57(14) 
N(24)-C(25)-C(26) 113.57(16) 
N(27)-C(26)-C(31) 122.8(2) 
N(27)-C(26)-C(25) 114.48(19) 
C(31)-C(26)-C(25) 122.63(19) 
C(26)-N(27)-C(28) 116.6(2) 
N(27)-C(28)-C(29) 124.4(3) 
C(28)-C(29)-C(30) 118.6(3) 
C(29)-C(30)-C(31) 118.6(3) 
C(26)-C(31)-C(30) 119.1(2) 
N(24)-C(32)-C(33) 113.47(15) 
N(34)-C(33)-C(38) 121.95(17) 
N(34)-C(33)-C(32) 114.22(16) 
C(38)-C(33)-C(32) 123.81(16) 
C(35)-N(34)-C(33) 117.58(18) 
N(34)-C(35)-C(36) 124.13(19) 
C(35)-C(36)-C(37) 117.94(19) 
C(36)-C(37)-C(38) 119.2(2) 
C(33)-C(38)-C(37) 119.17(18) 
C(4)-C(3)-C(23) 122.20(16) 
C(3)-C(4)-C(5) 121.24(17) 
C(4)-C(5)-C(6) 118.46(17) 
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C(6)-C(1)-C(2) 119.12(16) 
C(6)-C(1)-C(7) 119.22(15) 
C(2)-C(1)-C(7) 121.50(16) 
C(3)-C(2)-C(1) 120.91(17) 
C(2)-C(3)-C(4) 119.03(16) 
C(2)-C(3)-C(23) 118.76(16) 
 
C(4)-C(5)-C(39) 122.37(16) 
C(6)-C(5)-C(39) 119.06(16) 
C(1)-C(6)-C(5) 121.17(16) 
N(8)-C(7)-C(1) 113.86(14) 
C(16)-N(8)-C(7) 111.36(14) 
 
 
Symmetry transformations used to generate equivalent atoms: 
 
X-ray structure of 25  
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Table 1. Crystal data and structure refinement for 25. 
 
Identification code RV1215 
Formula C45 H45 Cl6 N9 Zn3, C2 H6 O 
Formula weight 1166.78 
Temperature 173 K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Triclinic, P-1 
Unit cell dimensions a = 12.6024(3) Å α = 71.376(2)° 
 b = 14.0261(4) Å β = 86.427(2)° 
 c = 16.7496(4) Å γ = 73.800(2)° 
Volume, Z 2693.09(13) Å3, 2 
Density (calculated) 1.439 Mg/m3 
Absorption coefficient 1.666 mm-1 
F(000) 1192 
Crystal colour / morphology Colourless tablets 
Crystal size 0.44 x 0.33 x 0.09 mm3 
θ range for data collection 3.03 to 32.77° 
Index ranges -19<=h<=18, -21<=k<=20, -14<=l<=25 
Reflns collected / unique 29527 / 17604 [R(int) = 0.0165] 
Reflns observed [F>4σ(F)] 13976 
Absorption correction Analytical 
Max. and min. transmission 0.876 and 0.651 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 17604 / 0 / 568 
Goodness-of-fit on F2 1.048 
Final R indices [F>4σ(F)] R1 = 0.0325, wR2 = 0.0912 
R indices (all data) R1 = 0.0464, wR2 = 0.0976 
Largest diff. peak, hole 0.862, -0.898 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
 
 
Table 2. Bond lengths [Å] and angles [°] for 25   
Zn(1)-N(18) 2.0992(17) 
Zn(1)-N(11) 2.1025(18) 
Zn(1)-Cl(2) 2.2828(5) 
Zn(1)-Cl(1) 2.2845(6) 
Zn(1)-N(8) 2.3160(15) 
Zn(2)-N(34) 2.1395(14) 
Zn(2)-N(27) 2.1878(14) 
Zn(2)-N(24) 2.2101(13) 
Zn(2)-Cl(4) 2.2589(4) 
Zn(2)-Cl(3) 2.2946(5) 
Zn(3)-N(50) 2.1211(15) 
Zn(3)-N(43) 2.1288(15) 
Zn(3)-N(40) 2.2834(14) 
Zn(3)-Cl(6) 2.2943(4) 
Zn(3)-Cl(5) 2.2957(5) 
C(1)-C(2) 1.396(2) 
C(1)-C(6) 1.404(2) 
C(1)-C(7) 1.524(2) 
C(2)-C(3) 1.397(2) 
C(3)-C(4) 1.393(2) 
C(3)-C(23) 1.513(2) 
C(4)-C(5) 1.396(2) 
C(5)-C(6) 1.393(2) 
C(5)-C(39) 1.507(2) 
C(7)-N(8) 1.488(2) 
N(40)-C(48) 1.474(2) 
N(40)-C(41) 1.475(2) 
C(41)-C(42) 1.508(2) 
C(42)-N(43) 1.343(2) 
C(42)-C(47) 1.392(2) 
N(43)-C(44) 1.342(2) 
C(44)-C(45) 1.385(3) 
C(45)-C(46) 1.374(3) 
C(46)-C(47) 1.378(3) 
C(48)-C(49) 1.509(2) 
C(49)-N(50) 1.341(2) 
C(49)-C(54) 1.389(2) 
N(50)-C(51) 1.351(2) 
C(51)-C(52) 1.378(3) 
C(52)-C(53) 1.391(3) 
C(53)-C(54) 1.381(3) 
 
N(18)-Zn(1)-N(11) 146.66(7) 
N(18)-Zn(1)-Cl(2) 97.91(5) 
N(11)-Zn(1)-Cl(2) 98.44(5) 
N(18)-Zn(1)-Cl(1) 99.56(5) 
N(11)-Zn(1)-Cl(1) 99.98(6) 
Cl(2)-Zn(1)-Cl(1) 114.01(2) 
N(18)-Zn(1)-N(8) 75.26(7) 
N(11)-Zn(1)-N(8) 74.91(7) 
	  
238	  
N(8)-C(9) 1.465(3) 
N(8)-C(16) 1.479(3) 
C(9)-C(10) 1.496(4) 
C(10)-N(11) 1.347(2) 
C(10)-C(15) 1.384(4) 
N(11)-C(12) 1.341(3) 
C(12)-C(13) 1.380(3) 
C(13)-C(14) 1.381(5) 
C(14)-C(15) 1.391(5) 
C(16)-C(17) 1.501(4) 
C(17)-N(18) 1.342(2) 
C(17)-C(22) 1.406(3) 
N(18)-C(19) 1.338(3) 
C(19)-C(20) 1.375(3) 
C(20)-C(21) 1.355(4) 
C(21)-C(22) 1.377(4) 
C(23)-N(24) 1.496(2) 
N(24)-C(32) 1.473(2) 
N(24)-C(25) 1.4783(19) 
C(25)-C(26) 1.506(2) 
C(26)-N(27) 1.342(2) 
C(26)-C(31) 1.387(2) 
N(27)-C(28) 1.349(2) 
C(28)-C(29) 1.379(3) 
C(29)-C(30) 1.388(3) 
C(30)-C(31) 1.394(3) 
C(32)-C(33) 1.510(2) 
C(33)-N(34) 1.345(2) 
C(33)-C(38) 1.388(2) 
N(34)-C(35) 1.341(2) 
C(35)-C(36) 1.383(3) 
C(36)-C(37) 1.373(3) 
C(37)-C(38) 1.391(3) 
C(39)-N(40) 1.491(2) 
N(8)-C(7)-C(1) 117.45(14) 
C(9)-N(8)-C(16)                     115.90(18) 
C(9)-N(8)-C(7)                       112.87(18) 
C(16)-N(8)-C(7) 112.88(16) 
C(9)-N(8)-Zn(1) 102.10(11) 
C(16)-N(8)-Zn(1) 101.19(12) 
C(7)-N(8)-Zn(1) 110.54(10) 
N(8)-C(9)-C(10) 110.29(16) 
N(11)-C(10)-C(15) 120.4(3) 
N(11)-C(10)-C(9) 117.0(2) 
C(15)-C(10)-C(9) 122.6(2) 
C(12)-N(11)-C(10) 119.5(2) 
C(12)-N(11)-Zn(1) 124.46(14) 
C(10)-N(11)-Zn(1) 115.29(17) 
N(11)-C(12)-C(13) 123.2(2) 
C(12)-C(13)-C(14) 117.4(3) 
C(13)-C(14)-C(15) 119.8(3) 
C(10)-C(15)-C(14) 119.6(2) 
N(8)-C(16)-C(17) 110.24(16) 
N(18)-C(17)-C(22) 120.2(2) 
N(18)-C(17)-C(16) 116.26(19) 
C(22)-C(17)-C(16) 123.5(2) 
Cl(2)-Zn(1)-N(8) 145.93(4) 
Cl(1)-Zn(1)-N(8) 100.07(4) 
N(34)-Zn(2)-N(27) 150.36(5) 
N(34)-Zn(2)-N(24) 76.87(5) 
N(27)-Zn(2)-N(24) 75.12(5) 
N(34)-Zn(2)-Cl(4) 98.87(4) 
N(27)-Zn(2)-Cl(4) 95.53(4) 
N(24)-Zn(2)-Cl(4) 138.16(4) 
N(34)-Zn(2)-Cl(3) 98.03(4) 
N(27)-Zn(2)-Cl(3) 97.58(4) 
N(24)-Zn(2)-Cl(3) 103.18(4) 
Cl(4)-Zn(2)-Cl(3) 118.563(18) 
N(50)-Zn(3)-N(43) 149.34(6) 
N(50)-Zn(3)-N(40) 76.91(5) 
N(43)-Zn(3)-N(40) 74.91(5) 
N(50)-Zn(3)-Cl(6) 97.82(4) 
N(43)-Zn(3)-Cl(6) 98.46(4) 
N(40)-Zn(3)-Cl(6) 145.35(4) 
N(50)-Zn(3)-Cl(5) 100.74(4) 
N(43)-Zn(3)-Cl(5) 95.45(4) 
N(40)-Zn(3)-Cl(5) 99.13(4) 
Cl(6)-Zn(3)-Cl(5) 115.435(18) 
C(2)-C(1)-C(6) 118.44(15) 
C(2)-C(1)-C(7) 119.50(15) 
C(6)-C(1)-C(7) 121.97(15) 
C(1)-C(2)-C(3) 121.63(15) 
C(4)-C(3)-C(2) 118.34(15) 
C(4)-C(3)-C(23) 118.32(14) 
C(2)-C(3)-C(23) 123.33(14) 
C(3)-C(4)-C(5) 121.64(15) 
C(6)-C(5)-C(4) 118.78(14) 
C(6)-C(5)-C(39) 122.24(15) 
C(4)-C(5)-C(39) 118.90(15) 
C(5)-C(6)-C(1) 121.10(15) 
C(28)-C(29)-C(30) 118.54(17) 
C(29)-C(30)-C(31) 119.50(17) 
C(26)-C(31)-C(30) 118.46(17) 
N(24)-C(32)-C(33) 110.33(13) 
N(34)-C(33)-C(38) 121.84(16) 
N(34)-C(33)-C(32) 115.79(14) 
C(38)-C(33)-C(32) 122.27(15) 
C(35)-N(34)-C(33) 118.74(15) 
C(35)-N(34)-Zn(2) 126.22(12) 
C(33)-N(34)-Zn(2) 114.93(11) 
N(34)-C(35)-C(36) 122.54(18) 
C(37)-C(36)-C(35) 118.74(18) 
C(36)-C(37)-C(38) 119.47(17) 
C(33)-C(38)-C(37) 118.63(17) 
N(40)-C(39)-C(5) 114.96(14) 
C(48)-N(40)-C(41) 112.57(13) 
C(48)-N(40)-C(39) 111.05(14) 
C(41)-N(40)-C(39) 108.55(13) 
C(48)-N(40)-Zn(3) 101.57(10) 
C(41)-N(40)-Zn(3) 100.70(10) 
C(39)-N(40)-Zn(3) 121.99(10) 
N(40)-C(41)-C(42) 109.39(13) 
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C(19)-N(18)-C(17) 119.29(19) 
C(19)-N(18)-Zn(1) 124.13(14) 
C(17)-N(18)-Zn(1) 116.02(15) 
N(18)-C(19)-C(20) 122.5(2) 
C(21)-C(20)-C(19) 119.1(3) 
C(20)-C(21)-C(22) 119.5(2) 
C(21)-C(22)-C(17) 119.3(2) 
N(24)-C(23)-C(3) 116.20(12) 
C(32)-N(24)-C(25) 112.44(12) 
C(32)-N(24)-C(23) 112.90(12) 
C(25)-N(24)-C(23) 112.62(12) 
C(32)-N(24)-Zn(2) 105.28(9) 
C(25)-N(24)-Zn(2) 104.24(9) 
C(23)-N(24)-Zn(2) 108.64(9) 
N(24)-C(25)-C(26) 108.90(12) 
N(27)-C(26)-C(31) 122.15(15) 
N(27)-C(26)-C(25) 115.55(13) 
C(31)-C(26)-C(25) 122.29(14) 
C(26)-N(27)-C(28) 118.92(14) 
C(26)-N(27)-Zn(2) 113.81(10) 
C(28)-N(27)-Zn(2) 127.27(11) 
N(27)-C(28)-C(29) 122.43(16) 
 
 
N(43)-C(42)-C(47) 121.15(18) 
N(43)-C(42)-C(41) 116.34(15) 
C(47)-C(42)-C(41) 122.48(16) 
C(44)-N(43)-C(42) 119.21(16) 
C(44)-N(43)-Zn(3) 125.96(13) 
C(42)-N(43)-Zn(3) 113.66(12) 
N(43)-C(44)-C(45) 122.40(19) 
C(46)-C(45)-C(44) 118.31(19) 
C(45)-C(46)-C(47) 119.87(18) 
C(46)-C(47)-C(42) 119.04(19) 
N(40)-C(48)-C(49) 110.41(13) 
N(50)-C(49)-C(54) 121.95(16) 
N(50)-C(49)-C(48) 116.17(15) 
C(54)-C(49)-C(48) 121.87(16) 
C(49)-N(50)-C(51) 118.69(16) 
C(49)-N(50)-Zn(3) 114.90(11) 
C(51)-N(50)-Zn(3) 126.39(13) 
N(50)-C(51)-C(52) 122.34(19) 
C(51)-C(52)-C(53) 118.88(18) 
C(54)-C(53)-C(52) 118.92(18) 
C(53)-C(54)-C(49) 119.22(19) 
 
 
